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INTRODUCTION 
The literature is replete with accounts of experiments 
that examine different aspects of the relationships between 
diet, cholesterol metabolism, and atherogenesis. Many 
different factors, including species, breed, strain, sex, 
age, stress, disease, and countless other variables, 
influence these relationships. The overabundance of 
published papers that are relevant to cholesterol metabolism 
and the conflicting results of those papers makes inter­
pretation of results of research on this subject difficult. 
Thus, it seems little wonder that, despite the glut of 
research examining the relationships between diet, 
cholesterol metabolism, and atherosclerosis, underlying 
mechanisms that link these three items remain obscure and 
many basic questions concerning their relationship remain 
unanswered. 
The need for a better understanding of the diet-
cholesterol-heart disease connection is obvious. Cardio­
vascular diseases remain the leading cause of death in 
the United States and many other industrialized nations, 
in spite of a decline in mortality rates from these 
diseases of more than 30 percent in the last 30 years 
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(Levy and Moskowitz, 1982). Epidemiological studies, 
clinical trials, and controlled experiments with animals 
and humans have demonstrated that strong relationships 
exist between different dietary variables, plasma and 
lipoprotein cholesterol concentrations, and development of 
atherosclerosis and cardiovascular disease. Unequivocal 
evidence that dietary changes can alter cholesterol 
metabolism in humans such that the risk of atherosclerotic 
disease is significantly and consistently reduced is 
lacking, however. 
What, then, did I hope to contribute with the work 
described in this dissertation? The specific objectives 
of the experiments described hereinafter were to examine 
the effects of beef-based, soy-based, and conventional 
swine diets, when fed to young pigs at either restricted 
(approximately 65% of ad libitum intake) or more liberal 
(approximately 9 0% of ad libitum intake) intakes, on: 
a) rate of body weight gain; 
b) apparent percentage absorption of dietary nutrients; 
c) body composition; 
d) cholesterol concentrations in blood plasma, plasma 
lipoprotein fractions, several body tissues, and 
the whole body; 
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e) fecal excretion of bile acids and neutral steroids; 
and 
f) production of carbon dioxide, glycerol, fatty acids, 
and cholesterol from glucose in several body tissues. 
Several other aspects of triglyceride metabolism, including 
activities of hormone-sensitive and lipoprotein lipases and 
cellularity of adipose tissue, also were quantified in these 
animals, but are not discussed in this dissertation. 
The beef and soy diets discussed herein are more 
representative of the typical, complex human diets consumed 
in the United States than are the semi-purified diets used 
in most studies designed to examine cholesterol metabolism. 
Thus, I believe that the responses of the pig to these diets, 
rather than to semi-purified diets, will be more indicative 
of the responses of humans to diets that contain primarily 
animal or vegetable sources of protein and fat. The 
conventional diet provides a reference point for more 
typical swine diets used in commercial pork production. 
The broader aims of this work were three-fold. First 
of all, I hoped to further verify the suitability of the 
pig as a model for the study of human nutrition and lipid 
metabolism. Second, I sought to gain some insight into 
the possible mechanisms responsible for the differential 
effects of the beef, soy, and conventional diets on 
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cholesterol metabolism. Finally, I attempted to integrate 
the effects of these three diets on cholesterol metabolism 
with their effects on several aspects of triglyceride 
metabolism. I strongly believe that a greater understanding 
of the interrelationships between the metabolism of 
cholesterol and of triglycerides within the body will 
lead to a better understanding of atherogenesis• 
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REVIEW OF LITERATURE 
The Pig Model 
Animal models have made vast contributions to the 
understanding of human diseases, and several hundred models 
have been described and characterized (Cypess and Hurvitz, 
1977). The domestic pig (Sus domestica) has served for more 
than 20 years as a model animal for biomedical research on 
human disease, especially in hematological, cardiac, 
cardiovascular, immunological, and gastrointestinal studies 
(Dodds, 1982). The greatest strengths of pigs as animal 
models are their physiological, anatomical, nutritional, and 
metabolic similarities to humans (Dodds, 198 2). Pigs, like 
humans, are omnivorous, and they have analogous digestive 
and cardiovascular systems. Similarities in adipocyte size 
and body fat distribution indicate usefulness of the pig 
as a model for human obesity (Houpt et al., 1979). Other 
advantages include their docility, availability, genetic 
diversity, and prolificacy. On the other hand, pigs can 
be expensive to procure and maintain and difficult to handle 
because of their large size. Their size is an advantage as 
well as disadvantage, however, allowing measurements and 
manipulations which are limited in smaller animals. 
Several reviews discussing the characteristics and 
development of atherosclerosis in humans have been published 
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(Ross and Glomset, 1973, 1976a, 1976b; Ross and Barker, 1976; 
Davignon, 1978; Bjorkerud, 1979; Schade, 1981). The use of 
the pig as a model animal in atherosclerosis research was 
reviewed by Vesselinovitch (1979). Studies have demonstrated 
that pigs develop lesions, both spontaneously (Gottlieb and 
Lalich, 1954; Skold and Getty, 1961) and in response to 
dietary manipulations (Bragdon et al., 1957; Rowsell et al., 
1958, 1960; Reiser et al., 1959; Downie et al., 1963; Reitman 
et al., 1982), that are similar morphologically and bio­
chemically to those in humans (Fritz et al., 1980). Advanced 
atherosclerotic disease has been produced in swine by a 
combination of diet and endothelial injury (i.e. denudation 
by using a balloon catheter) (Daoud et al., 1976). A 
combination of an atherogenic diet and X-irradiation pro­
duced occlusive coronary heart disease, myocardial 
infarction, and sudden death in pigs (Lee et al., 1970) . A 
disadvantage of the pig model for human atherosclerosis is 
that advanced atherosclerotic lesions can be induced 
only with large alterations in lipid metabolism and(or) 
with arterial injury (Vesselinovitch, 1979). 
Other studies have demonstrated further the usefulness 
of the pig model in the study of atherosclerosis. Fritz 
et al. (1976, 1981) and Daoud et al. (1976, 1981) have shown 
that advanced complicated atherosclerosis, produced in pigs 
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by using mechanical injury and a high-cholesterol, high-fat 
diet, regressed within 14 months after discontinuation of 
the atherogenic diet. Japanese investigators induced 
coronary artery spasms in miniature swine with athero­
sclerosis by using injections of histamine (Shimokawa et. 
al. , 1983). These and other lines of experimentation with 
atherosclerosis in pigs may provide significant contribu­
tions to the prevention and treatment of atherosclerotic 
disease if the results, in fact, can be extrapolated to 
humans. 
Cholesterol and Triglyceride Metabolism 
Metabolism is defined (Woolf, 1976) as "the sum of the 
processes by which a particular substance is handled in the 
living body." Many volumes have been written about the 
various aspects of cholesterol and triglyceride metabolism. 
The mechanisms involved in the handling of lipids in the 
body are complex and intertwined, and many basic processes 
remain obscure. This review will not attempt to discuss all 
aspects of cholesterol and triglyceride metabolism, but 
rather will focus on those phases most significant to the 
present study, including especially specific reports dealing 
with lipid metabolism in the pig. Excellent overviews of 
triglyceride and cholesterol metabolism were presented by 
Masoro (1977) and Sabine (1977), respectively. 
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Synthesis 
The enzymatically catalyzed steps in the biosynthesis 
of fatty acids, triglycerides, and cholesterol are presented 
in many biochemistry textbooks (e.g. Gurr and James, 1980). 
Sterol biosynthesis (Schade, 1981; Schroepfer, 1982), 
fatty acid biosynthesis and its regulation (Wakil et al., 
1983), and specific enzymes involved in fatty acid (wakil 
and Stoops, 1983; Holloway, 1983), triglyceride (Bell and 
Coleman, 1983), and cholesterol (Chang, 1983) biosynthesis 
are discussed in recent reviews. 
In 1950, Srere and coworkers demonstrated that the rat 
is capable of de novo cholesterol synthesis in the liver, 
adrenal gland, kidney, testis, small intestine, skin, and 
brain. In vitro studies with rats (Dietschy and Siperstein, 
1967) and squirrel monkeys (Dietschy and Wilson, 1968) using 
i^C-acetate as substrate showed that the liver and intestine 
were the most important sites of cholesterogenesis in these 
species. Swann et al. (1975) found that in vitro cholestero­
genesis from acetate was greatest in ileum and lung of guinea 
pigs, with liver having much lower rates. Siperstein 
(Dietschy and Wilson, 1970a) and Taylor et al. (1955) found 
that rates of acetate incorporation into cholesterol were 
similar in samples of human liver and intestine. 
now is recognized to be a more accurate radiotracer 
for quantifying sterol synthesis than ^^C-compounds 
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previously used (Feingold et al., 1983a). Recent ex­
periments with ^H20 have shown significant differences from 
previous studies in the relative contributions of various 
tissues to de novo sterogenesis. Using human biopsy samples 
incubated with ^HzO, Angel and Bray (1979) demonstrated that 
the liver is the dominant cholesterogenic organ, in humans. 
Adipose tissue and, to a lesser extent, small intestine 
also were found to contribute to cholesterol synthesis in 
humans. Feingold and coworkers, however, found that tissues 
other than the liver, including especially intestine, skin, 
and carcass, were responsible for the majority of cholestero-
genesis in primates (1982) and rats (1983a). Spady and 
Dietschy (1983) quantified cholesterol synthesis in 18 
tissues of five species (squirrel monkey, guinea pig, rabbit, 
hamster, and rat) and also found greater cholesterol 
synthesis in the gastrointestinal tract, carcass, and skin 
than in liver for all species examined except the rat. 
Little work has been done measuring cholesterogenesis 
in the pig. O'Hea and Leveille (19 68) found minimal 
synthesis of nonsaponifable lipids from glucose or 
acetate by pig adipose tissue slices. Glucose also was not 
converted to cholesterol in liver slices from pigs (O'Hea 
and Leveille, 1969b). Cholesterol synthesis was appreciable 
in pig liver, however, when acetate was the substrate, 
but the physiological significance of this, considering the 
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typical low fat content of swine diets, was questioned 
(O'Hea and Leveille, 1969b). Romsos et al. (1971a) found 
that the intestine was only a minor source of in vivo 
cholesterol synthesis from injected ^^C-acetate. In the 
study by Romsos et al. (1971a), the intestine contributed 
only 4% of newly synthesized cholesterol in pigs fed a low 
cholesterol diet, while liver and adipose tissue contributed 
67% and 29%, respectively. Using incubations of tissue 
slices, Huang and Kuiranerow (1976), on the other hand, found 
greater conversion of glucose to cholesterol in adipose 
tissue than in liver, small intestine, heart, or aortic 
tissues. When acetate served as substrate, small intestine, 
adipose tissue, and liver had significant rates of 
cholesterogenesis. Differences between the results obtained 
by Romsos et al. (1971a) and Huang and Kummerow (1976) may 
have been the result of differences in techniques used 
(i.e. in vivo vs. in vitro determinations). 
Early work examining the regulation of cholesterol 
synthesis was reviewed by Bortz (1973) and by Bietschy and 
Wilson (1970a). Differences in the regulation of cholestero­
genesis exist between tissues and between species. 
Cholesterogenesis in the liver has been shown to be subject 
to a sensitive negative feedback system in several species, 
including humans (Dietschy and Wilson, 1970a). Cholestero­
genesis in other tissues of rats, however, was not 
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affected by dietary cholesterol or by fasting, which 
increase plasma cholesterol concentrations (Dietschy and 
Siperstein, 1967). All of the tissues examined in guinea 
pigs, on the other hand, possessed an active feedback system 
(Swann et al., 1975). Feingold et al. (1982, 1983a) 
demonstrated that dietary cholesterol inhibited cholestero-
genesis in liver and small intestine of monkeys (Feingold 
et al., 1982) and in liver of rats (Feingold et al., 1983a), 
but not in other tissues examined in either species. 
Factors other than dietary cholesterol also affect 
cholesterol synthesis. These include circadian rhythms, 
feeding/fasting fluctuations, and enterohepatic bile acid 
circulation (Ott and Lachance, 1981), as well as a number 
of hormones, metabolic intermediates, and pharmacological 
agents (Goh and Heimberg, 1973; Beynen et al., 1982; Ness, 
1933). Regulation may occur through changes in the amount 
or the activity of 3-hydroxy-3-methylglutaryl coenzyme A 
reductase (HMG-CoA reductase), the rate-limiting enzyme in 
cholesterol biosynthesis (Ness, 198 3; Feingold et al., 
1983b; Stacpoole et al., 1983). 
Cholesterol synthesis in many tissues of the body is 
thought to be regulated, at least in part, by receptor-
mediated lipoprotein uptake (Brown and Goldstein, 1976). 
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The uptake of cholesterol from low-density lipoproteins (LDL) 
by way of the LDL-receptor mechanism produces an inhibition 
of HMG-CoA reductase, thereby decreasing de novo cholestero-
genesis within the cell. The relative importance of 
cholesterol synthesis versus cholesterol uptake from lipo­
proteins in supplying the cholesterol required by cells of 
different organs was discussed by Dietschy et al. (1983). 
They concluded that, under most circumstances, the rate of 
cholesterol synthesis is varied to meet the needs of the 
cell. If changes in cholesterol synthetic rates cannot 
maintain cholesterol homeostasis within the cell, the rate 
of LDL-cholesterol uptake or of cholesterol storage as 
cholesterol esters may be altered. 
Little work has been done examining the regulation 
of cholesterol synthesis in the pig. The LDL-receptor 
mechanism has been studied in cultured smooth muscle cells 
from swine aortas (Weinstein et al., 1975). Cholesterol 
synthesis was suppressed by incubation of cells with whole 
serum, LDL, very-low-density lipoproteins (VLDL), or 
suspensions of free cholesterol; these results are similar 
to those seen with human skin fibroblasts. High-density 
lipoproteins (HDL) also inhibited cholesterogenesis in swine 
smooth muscle cells, but had no effect in human skin fibro­
blasts, suggesting differences in the receptor mechanisms of 
these two species. 
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Fatty acid synthesis also can occur in all animal 
tissues (Pearce, 198 3), but the most important sites seem 
to be the liver, adipose tissue, and lactating mammary gland. 
The relative contributions of the liver and adipose tissue, 
as well as other tissues including skin, intestine, and 
muscle, to lipogenesis in rats and mice have varied in 
different experiments (Pearce, 1983), probably because of 
differences in diet, feeding pattern, and radioactive tracer 
used. The same contradictions have been seen in studies 
examining lipogenesis in humans. Patel et al. (1975) 
found that the liver was the major organ responsible for 
fatty acid synthesis in humans when ^C-pyruvate served 
as tracer. Human adipose tissue had very low rates of 
lipogenesis and low activities of lipogenic enzymes, 
including ATP-citrate lyase, in this study. Angel and Bray 
(1979), on the other hand, found that, in terms of total 
organ activity, the adipose tissue of human subjects 
contributed at least as much to total body lipogenesis as 
did the liver. The substrate used in the study by Angel and 
Bray was ^HzO. Suzuki and Okuda (1981) found that the 
activity of ATP-citrate lyase in abdominal subcutaneous 
adipose tissue varied greatly between human patients and 
seemed to be influenced by nutritional status, which may 
explain some of the seemingly contradictory results seen in 
other studies. 
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Among domestic animals, the liver is the major lipo-
genic organ in avian species, while the adipose tissue is 
the major site of lipogenesis in non-lactating ruminants 
(Pearce, 1983). The pig resembles ruminants in this 
respect, having high rates of fatty acid synthesis in 
adipose tissue (O'Hea and Leveille, 1968, 1969b; Huang and 
Kummerow, 197 6) and low lipogenic rates in liver (O'Hea and 
Leveille, 1969b; Huang and Kummerow, 1976) when ^"C-glucose 
was the labeled substrate. When ^ ^C-acetate served as tracer 
rather than ^"C-glucose, the liver showed greater rates of 
lipogenesis, but the lipogenic activity of adipose tissue 
was again much greater than that of the liver (O'Hea and 
Leveille, 1969b; Huang and Kummerow, 1976). Lipogenic 
rates in the intestine (Romsos et al., 1971a), heart, and 
aorta (Huang and Kummerow, 1976) were quite low. O'Hea 
and Leveille (1969b) and Huang and Kummerow (1976) found 
that activities of lipogenic enzymes paralleled lipogenic 
rates in liver and adipose tissue. O'Hea and Leveille 
(1969b) concluded that the low hepatic capacity for 
the production of cytoplasmic acetyl-CoA from mitochondrially-
derived citrate (i.e. low ATP-citrate lyase activity) and 
for the generation of NADPH prevents a significant 
contribution by the liver to total body lipogenesis in the 
pig. 
15 
Lipogenesis has been shown to be affected by many 
variables, including age and(or) body weight, sex, strain 
or breed, diet, feeding frequency, and hormones (Steele and 
Frobish, 1976; Hood, 1983; Pearce, 1983). In pigs, lipo­
genesis is low in young, nursing piglets and increases 
rapidly after the animals are weaned to a solid diet (Allee 
et al., 1971b). Fatty acid biosynthesis in swine adipose 
tissue is well-established soon after birth (Mersmann et al., 
1973a, 1973b), and much of the difference in lipogenic rates 
before and after weaning probably is related to the changes 
in dietary fat and carbohydrate contents at weaning (Allee 
et al., 1971b; Mersmann et al., 1973a, 1973b; Wolfe et al., 
1977). Allee et al. (1971b) showed that fatty acid synthesis 
(expressed per unit weight of adipose tissue) declined 
linearly with age after reaching a peak at 67 days of age. 
The decline in lipogenesis with advancing age may be 
attributed in part to the increase in adipocyte size 
(Knittle and Hirsch, 1968) which has been shown to occur 
as pigs age (Mersmann et al., 1973c). Anderson and 
Kauffman (1973) demonstrated, however, that the activities 
of selected lipogenic enzymes, expressed on an adipose cell 
basis, decreased after reaching a peak at five months, even 
though rapid fat deposition continued. A decrease in 
lipolysis and, thus, fat turnover may explain the increase 
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in fat deposition even as lipogenesis seemed to be 
declining (Anderson and Kauffman, 1973). Mersmann et al. 
(1976), however, found that the basal lipolysis rate did not 
change between 45 and 150 days of age in pigs. 
Several studies have examined lipogenesis in lean 
versus obese strains of pigs. Steele and Frobish (1976) 
and Hood and Allen (1973b) found greater activities of 
specific lipogenic enzymes in obese pigs than in their 
leaner counterparts. Steele et al. (1974) reported greater 
rates of lipogenesis in obese than in lean pigs, and Scott 
and colleagues (1981) noted the same trend, although their 
results were not statistically significant. Lipolysis did 
not differ between lean and obese swine at the same age 
(Buhlinger et al., 1978; Scott et al., 1981), demonstrating 
that lipogenesis is more important than lipolysis in produc­
ing differences in fat deposition between lean and obese pigs. 
As noted, diet composition also influences lipogenic 
rates. The effects of diet on lipogenesis will be discussed 
in greater detail later in this review. Frequency of feeding 
affects lipogenesis in rats and chickens, with meal-feeding 
causing increased lipogenic capacity (Leveille, 1966). In 
pigs, however, ad libitum feeding versus meal-feeding for 
only two hours per day did not significantly affect lipogenic 
rates or activities of lipogenic enzymes in adipose tissue 
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(O'Hea and Leveille, 1969a). The slow rate of food passage 
in pigs may explain this apparent anomaly; pigs would not 
reach a post-absorptive state between meals, and, thus, 
hyperlipogenesis following meal-feeding would not be 
physiologically necessary. Fasting causes depressed 
lipogenesis in swine as well as other species; a rapid 
recovery to normal lipogenic rates is seen upon refeeding 
(O'Hea and Leveille, 1969c). 
Insulin and free fatty acids are two regulators of 
lipogenesis in the rat (Topping and Mayes, 1982) and also 
may play a role in swine. In most species examined, insulin 
stimulates lipogenesis. O'Hea and Leveille (1958), however, 
found only a small, variable effect of insulin on in vitro 
lipogenesis in pig adipose tissue. In contrast, 
Christensen and Goel (1972) showed that insulin did influence 
in vitro lipogenesis from glucose in adipose tissue of pigs, 
but the response varied with the concentrations of glucose 
and of insulin. In studies with alloxan-diabetic pigs 
(where lipogenesis is markedly depressed), Romsos et al. 
(1971b) found that subcutaneous injections of insulin 
restored lipogenic capacity in adipose tissue slices, but 
addition of insulin to the incubation media did not. 
Etherton and Walker (1982) demonstrated that isolated swine 
adipocytes will bind insulin specifically. Chung et al. 
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(1983) discuss possible explanations for the variation seen 
in earlier studies in sensitivity of swine adipose tissue 
to insulin. 
Free fatty acids have been shown to decrease lipogenesis 
(Topping and Mayes, 1982), and may mediate, along with 
decreased insulin, the depression in lipogenesis in the 
starving or diabetic states. The inhibition of lipogenesis 
in animals fed a high-fat diet also may be related to 
increases in free fatty acid concentrations. The role of 
free fatty acids in the regulation of lipogenesis in pigs 
has not been examined. 
Digestion and absorption 
The digestion and absorption of cholesterol, tri­
glycerides, and other lipids are interrelated closely 
because of their similar physicochemical properties. 
Several reviews of lipid digestion and absorption have been 
published recently (Westergaard and Dietschy, 1974; 
Thomson, 1978; Friedman and Nylund, 1980; Schade, 1981; 
Carey et al., 1983). Although the fundamental steps in lipid 
absorption have been recognized, many basic questions 
regarding lipid absorption (Johnston, 1978; Thomson, 1978) 
and cholesterol absorption (Dietschy and Wilson, 1970b; 
Grundy, 1983) remain unanswered. To summarize, lipid 
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digestion involves three sequential processes: 
emulsification, hydrolysis of complex lipids, and micellar 
solubilization of the resulting products in the aqueous 
medium of the intestinal lumen (Carey et al., 1983). 
Long-chain fatty acids, 2-monoglycerides (from the 
enzymatic digestion of triglycerides), and cholesterol 
are transported through the unstirred water layer adjacent 
to the intestinal microvilli in bile acid micelles. Actual 
uptake of these lipids takes place from the monomer phase 
of the molecules in equilibrium with the micelle, following 
a concentration gradient maintained by rapid esterification 
within the cell (Westergaard and Dietschy, 1976). Fatty 
acids, monoglycerides, and cholesterol are thought to be 
absorbed into the intestinal cells through a passive process 
(Westergaard and Dietschy, 1976). 
After entering the gut wall cells, the absorbed 
cholesterol and long-chain fatty acids are reesterified 
to form cholesteryl esters and triglycerides as reviewed by 
Johnston (1978). The triglycerides, phospholipids, re­
esterified and free cholesterol, and specific proteins combine 
to form chylomicrons and, to a lesser extent, VLDL. The 
formation of the intestinal lipoproteins is reviewed by 
Zilversmit (1978) and Glickman (1980). The lipoproteins 
are released from the mucosal cells, diffuse to the central 
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lacteals, and enter the lymphatic system, completing the 
absorption process of the dietary lipids. 
Differences between species in the absorption of lipids 
have been found (Thomson et al., 1983), and seem related 
to inherent differences in the properties of the intestinal 
membranes. The species differences may be caused by 
differences in the effects of esterification within the 
villi cells on rates of uptake, differences in membrane 
pathways for absorption of cholesterol and fatty acids, or 
heterogeneity of the villi toward different lipids (Thomson 
et al., 1983). 
Cholesterol absorption in pigs is similar to that in 
humans and other experimental animals in many respects. 
For example. Marsh et al. (1972) reported that swine fed a 
low-fat, mash diet containing 2400 mg cholesterol per day 
absorbed only 4.7% of the dietary cholesterol. Swine fed a 
high-fat, milk diet with similar amounts of cholesterol, on 
the other hand, absorbed 25.5% of the cholesterol. Studies 
in other species, including humans (Quintao et al., 1971), 
also have shown that quantity of dietary fat affects 
cholesterol absorption. On the basis of the appearance in 
the plasma of labeled cholesterol administered in the diet 
or directly into the duodenum, Dupont et al. (1974) and Kim 
et al. (1974, 1975), however, found absorption of cholesterol 
is much slower in swine than in humans or rats. Aigueperse 
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and coworkers (1981b) also reported slower rates of 
absorption of cholesterol in swine than those reported for 
other species. They found that cholesterol was absorbed 
preferentially in the first half of the small intestine, 
which is similar to humans (Treadwell and Vahouny, 1958) but 
differs from rats (Chevallier and Lutton, 1972). The 
absorption coefficient of 57% for cholesterol fed to the 
pigs in the study by Aigueperse et al. (1981b) was similar 
to that found by Dupont et al. (1974; 41.5%) and by Kim 
et al. (1974; 56.5%) and is in the range of values reported 
for humans (30-80%; Grundy, 1983). 
Lipoprotein transport 
Perhaps the most prolific area of lipid research at 
present is lipoprotein metabolism. Fortunately, many 
reviews are available that summarize the massive amount of 
information gleaned on this subject (Eisenberg and Levy, 
1975; Smith et al., 1978; Schade, 1981; Oh, 1982; Myant 
1983). The reader is urged to read Miller (1979) or Myant 
(1982) for a concise overview of lipoprotein metabolism. 
Levy (1981) and Eder (198 2) summarized the proposed relation­
ships between lipoproteins and atherosclerosis. Apoprotein 
metabolism was reviewed by Schaefer et al. (1978) and 
Alaupovic (1982). 
Lipoproteins are responsible for the transport of 
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cholesterol and triglycerides through the plasma and lymph. 
Because of the central role of lipoproteins in the overall 
metabolism of triglycerides and cholesterol, the concen­
trations and metabolism of the lipoproteins probably exert a 
greater influence than any other factor on the balance of 
the lipids in the body. The metabolism of lipoproteins, in 
turn, is dependent on the actions of several enzymes, in­
cluding especially lecithin:cholesterol acyltransferase 
(LCAT; reviewed by Glomset, 1979; Frohlich et al., 1982; and 
Nishida, 1983), lipoprotein lipase (LPL; reviewed by Cryer, 
1981; and Smith et al., 1983) and hepatic triglyceride 
lipase (reviewed by Augustin and Greten, 1979, and, with 
LPL, by Jackson, 1983, and Kinnunen et al., 1983), and on 
lipoprotein receptor pathways (reviewed by Brown and 
Goldstein, 1983; Packard and Shepherd, 1983; and Suzuki 
et al., 1983). Hormonal, therapeutic, and nutritional 
factors are a few of the variables that alter and regulate 
lipoprotein metabolism (Hessel and Krans, 1979; Avogaro 
et al., 1980; Thompson, 1980; Levy, 1981; Krauss, 1982). 
Despite the wealth of information on lipoproteins in 
laboratory animals and humans, relatively little work has 
been done examining lipoprotein metabolism in meat-producing 
animals, including the pig (Kris-Etherton and Etherton, 1982). 
Several studies, however, have found many similarities in 
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the composition, characteristics, and distribution of 
human and swine or miniature swine plasma lipoproteins 
(Janado et al., 19 56; Fidge, 197 3; Mahley and Weisgraber, 
1974; Goldstein and Chapman, 1976; Jackson et al., 1976). 
Chapman (1980) reviewed the work examining the lipoproteins 
of a variety of animal species. Terpstra and colleagues 
(1982a) compared the density profiles and cholesterol 
concentrations of the serum lipoproteins of 14 species 
of domestic and laboratory animals. They concluded that, 
although serum total cholesterol was considerably lower in 
the pig than in humans, the distribution of cholesterol 
between the lipoprotein fractions in pigs was the most 
similar of the species examined to that in humans. In swine 
and humans, in contrast to other species studied, the LDL 
fraction was found to be the major carrier of serum 
cholesterol (Terpstra et al., 1982a). Pigs, however, 
exhibited two subfractions in the LDL class (Janado et al., 
1966; Terpstra et al., 1982a), designated LDLi and LDL2, 
while humans had only one band in the LDL fraction. Human 
serum also has been shown to contain two HDL subfractions 
(Terpstra et al., 1981b), known as HDLg and HDL;, in 
contrast to the pig and all other species examined by 
Terpstra et al. (198 2a), except the cat. 
Other researchers have studied a number of different 
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aspects of plasma lipoprotein metabolism in swine. Johansson 
and Karlsson (1982) examined developmental changes in serum 
lipoproteins and lipids in fetal, neonatal, juvenile, and 
adult pigs, and suggested, on the basis of their results, 
that the perinatal pig might serve as a useful model for 
studying atherogenesis in humans. Aigueperse et al. (1983) 
measured the transfer of cholesterol and cholesteryl esters 
between erythrocytes and plasma lipoproteins in adult sows 
and found similar results to those reported for humans. 
As discussed earlier, LDL-receptors have been shown 
to exist in swine, as well as human, tissue. Bachorik and 
colleagues found lipoprotein binding sites in isolated pig 
liver membranes (Bachorik et al., 1978) and in cultured 
porcine hepatocytes (Bachorik et al., 1982). Porcine 
hepatocytes were found to contain at least two distinct types 
of lipoprotein receptors, one similar or identical to the 
LDL receptor of other tissues and a second receptor that 
recognized both LDL and HDL but may be primarily 
responsible for HDL uptake and degradation. 
Several studies have examined the effects of dietary 
cholesterol on swine plasma lipoproteins (Mahley et al., 
1975; Reitman and Mahley, 1979; Beynen et al., 1983b). 
Changes in swine lipoproteins seen accompanying cholesterol 
feeding included: (a) the appearance of 3-VLDL, (b) an 
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increase in intermediate-density lipoproteins (IDL; 1.006 
<d<1.02), (c) an increase in LDL, and (d) the appearance 
of HDL^ (Mahley et al., 1975; Reitman and Mahley, 1979). 
Similar changes in lipoproteins have been documented in other 
species in response to cholesterol feeding (Mahley, 1978). 
The 3-VLDL resembles 3-migrating lipoproteins of human type 
III hyperlipoproteinemia (Mahley et al., 1975). Plasma of 
cholesterol-fed humans also has been shown to contain HDL 
c 
(Mahley, 1978). Beynen and coworkers (1983b), however, 
reported that cholesterol-fed humans transported excess 
cholesterol almost exclusively in the LDL fraction, while 
pigs first demonstrated increases in HDL cholesterol upon 
cholesterol feeding, with increases in LDL cholesterol 
concentrations only when plasma cholesterol concentrations 
were increased further. The authors conclude by urging that 
caution be used in extrapolating information about lipo­
protein metabolism in swine to that in humans. 
To further examine the relationships between plasma 
lipoproteins, triglyceride metabolism, and obesity, 
Etherton and Kris-Etherton (1980) characterized the lipo­
proteins of strains of lean and obese swine. They found 
elevated concentrations of triglycerides and cholesterol in 
plasma of obese pigs. Obese swine had larger VLDL and 
elevated triglycerides, cholesterol, and protein 
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concentrations in the VLDL and HDL, but not LDLi or LDL2/ 
fractions. The authors found significant positive 
correlations between adiposity (measured by thickness of 
backfat), plasma triglyceride concentrations, VLDL-tri-
glyceride concentrations, and HDL-cholesterol concentra­
tions. Studies with humans, on the other hand, have deter­
mined inverse correlations between HDL-cholesterol concentra­
tions and both adiposity (Witztum and Schonfield, 1979) and 
plasma (Myers et al., 1976) or VLDL- (Wilson and Lees, 1972) 
triglyceride concentrations, although confounding factors 
such as diet, exercise, and alcohol consumption make data 
from humans difficult to interpret. 
Kris-Etherton and Etherton further discussed the role 
of lipoproteins in adipose tissue accretion of pigs in a 
review article (1982). Specifically, they discussed how 
lipid deposition can increase as pigs grow to market weight 
while lipogenesis, in fact, has been shown to decrease 
with age. They concluded that plasma fatty acids are taken 
up by the adipose tissue at greater rates as the animal 
ages and deposits more fat. In support of this hypothesis, 
the activity of LPL has been shown to increase with age 
(Lee and Kauffman, 1974) and with obesity (Weisenburg, 
1973) in pigs. The major questions that remain unanswered 
are the source of the fatty acids being deposited (i.e. 
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where they are being synthesized, because typical swine 
diets contain little lipid) and the mechanism of transport 
of the fatty acids in the plasma (i.e. as triglycerides in 
VLDL or as free fatty acids). Further research is needed 
to satisfactorily answer these questions. 
Tissue storage 
The storage of cholesterol and triglycerides in the 
various body tissues is an integral part of lipid metabolism. 
The ultimate storage of lipids in the tissues is dependent 
upon the relative rates of synthesis, absorption, excretion, 
and catabolism of the lipids in the body and upon the 
transport of lipids in the blood lipoproteins. Dupont (1982) 
reviewed the concepts of cholesterol balance and metabolic 
pools of cholesterol in the body. Masoro (1977) discussed 
the role of the adipose tissue as a reservoir for tri­
glycerides in his review of lipid metabolism. 
The adipose tissue is one of the largest storage 
depots for cholesterol in the body (Wilson, 1970) , as well 
as for triglycerides. Storage of cholesterol in adipocytes 
is unique compared with other types of cells because much of 
the cholesterol is localized within the central oil droplet 
and is stored in the unesterified form (Parkas et al., 
1973). Krause and Hartman (19 84) recently presented an 
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excellent review of cholesterol metabolism in the adipose 
tissue. Mechanisms of cholesterol uptake, disposition, and 
mobilization, including especially the roles of the lipo­
protein fractions and of certain enzymes such as hormone-
sensitive lipase/neutral cholesterol ester hydrolase and 
lipoprotein lipase, were discussed by Krause and Hartman 
(1984). They also reviewed the effects of a number of 
variables on cholesterol storage in adipose tissue, including 
body weight, age, adipocyte size, plasma cholesterol 
concentrations, diet, and drugs. 
Differences exist between other body tissues in the 
storage of cholesterol. The liver probably is most 
susceptible to alteration of cholesterol content and 
actively stores cholesterol, especially in the esterified 
form, when cholesterol is fed in the diet (Krause et al., 
1979) . Cholesterol content of adipose tissue, on the 
other hand, is correlated more closely to plasma cholesterol 
concentrations than to dietary cholesterol content (Krause 
et al., 1979). Ho et al. (1974) also demonstrated that the 
effects of serum cholesterol concentration and the duration 
of exposure to elevated serum cholesterol levels on tissue 
cholesterol accumulation were different in the various 
tissues of the rabbit. Heller (1983) found differences 
between tissues of cholesterol-fed guinea pigs in both the 
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total accumulation of cholesterol and the percentage 
present in the esterified form. He concluded that 
cholesterol esterification by acyl-CoA cholesterol 
acyltransferase (ACAT) may play a major role in the capacity 
of various tissues for cholesterol accumulation. 
Species differences also exist in cholesterol storage 
in the body. Ho and Taylor (1968) examined various tissues 
of four animal species (rat, dog, rabbit, and prairie dog) 
for tissue cholesterol concentrations and found similarities 
between species in the cholesterol concentrations of the 
same tissues, although there were major differences between 
species in the accumulation of tissue cholesterol with 
prolonged cholesterol feeding. Kim, Marsh, and colleagues 
have conducted several studies examining tissue cholesterol 
concentrations in swine. Marsh et al. (1972) found that 
cholesterol accumulation was related directly to increased 
body size in most tissues of growing pigs. Liver and bone 
were the only tissues, however, that had elevated 
cholesterol concentrations when pigs were fed a hyper-
cholesterolemic diet. In 1974, Kim et al. reported that 
the drugs cholestyramine and clofibrate decreased both 
plasma and tissue (especially liver) cholesterol concen­
trations of hypercholesterolemic swine. As shown in their 
studies, the pig resembles other species examined in that 
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the plasma and liver seem to be most amenable of all tissues 
to changes in cholesterol content (Kim et al., 1978). 
Aigueperse and Chevallier (1982) measured in vivo 
cholesterol turnover in 15 tissues of adult sows. The 
tissues could be separated into four classes based on the 
relative rates of free cholesterol exchange with the plasma. 
The liver and lungs had a very fast rate of exchange, the 
bone marrow and adrenal glands had the second most rapid 
exchange, and brain and spinal cord had a very slow rate of 
exchange, with other tissues examined being intermediate. 
Their results were consistent with other studies with pigs 
(Marsh et al., 1972), rats (Chevallier and Giraud, 1966), 
and humans (Chobanion and Hollander, 1962). 
In contrast to cholesterol, triglycerides are stored 
almost exclusively (>98%; Havel, 1972) in the adipose 
tissue, except in the case of certain metabolic disorders 
or disease states. The adipocyte is the specific type of 
cell involved in triglyceride storage. A great deal of 
controversy surrounds the relationship between adipose 
tissue cellularity and obesity, or excess storage of tri­
glycerides in the body (Kirtland and Gurr, 1979). Knittle 
and Hirsch (1968) found that overfeeding rats early in 
life caused an increase in adipocyte number (hyperplasia) 
and led to permanent obesity. Nutritional manipulation 
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later in life was thought to change adipocyte size but not 
cell number. Recently, however, hyperplasia has been 
demonstrated in adult, normally nonobese rats overfed 
with fat or sucrose (Faust et al., 1978). The significance 
of this work with rats to human or porcine adiposity is 
unclear. Research relating adipocyte cellularity and 
development of obesity was reviewed recently by Kirtland 
and Gurr (1979). 
The occurrence of adipocyte hyperplasia in pigs also is 
controversial. Lee et al. (1973a, 1973b) did not find a 
change in subcutaneous fat cell number from that present 
at birth when pigs were fed a restricted diet. Restricting 
feed intake soon after birth, however, did decrease 
adipocyte number in the intramuscular fat (Lee et al., 1973a, 
19 73b). Anderson and Kauffman (197 3) and Hood and Allen 
(1973a) reported that adipocyte hyperplasia and hypertrophy 
occurred in pigs up to 5 months of age, after which cell 
size, but not number, continued to increase. Lee and 
Kauffman (197 4) concluded that intramuscular adipose tissue 
was a later developing tissue than subcutaneous adipose 
tissue, in terms of both cellularity and metabolic capacity 
(i.e. lipogenesis and LPL activity). 
The cellularity of adipose tissue in genetically lean 
and obese swine was determined by Steele et al. (1974). 
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Animals selected for high backfat thickness had increased 
number and size of adipocytes compared with their lean 
counterparts; control pigs were intermediate. Using the 
obese Ossabaw pig as a model, Etherton (1980) found 
evidence that suggests that when adipocytes reach a certain 
size, a new population of adipocytes is recruited for 
further fat deposition. Lipogenesis (Scott et al., 1981) 
and LPL activity (McNamara and Martin, 1982) also were 
increased and lipolysis decreased (Trygstad et al., 1972) 
in genetically obese swine. Thus, some or all of these 
factors may be responsible for the development of obesity 
in pigs. 
As reviewed by Weekes (1983) , fat metabolism is 
under the control of a number of hormones. The role of 
hormonal regulation in determining adipose tissue cellularity 
and obesity is under intensive investigation. Wangsness 
et al. (1977) reported that obese pigs had similar plasma 
insulin concentrations but had lower plasma growth hormone 
than did lean pigs. Their research suggested that obese 
pigs had mild insulin insensitivity and a reduced potential 
for growth hormone secretion compared with lean pigs. 
Mersmann et al. (1982) reported that genetically obese pigs 
did not have modifications in plasma glucose, insulin, tri­
glycerides or cholesterol when compared with genetically 
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lean or control pigs. They concluded that differences in 
fat deposition between lean and obese strains of pigs were 
the result of differences in adipocyte metabolism and were 
"not complicated by an inability to maintain homeostasis of 
plasma glucose or lipids as is the case with many animal 
models for obesity." 
Hormones other than insulin and growth hormone, 
including catecholamines, thyroid hormones (Fain and 
Garcia-Sainz, 1983) and others (Hessel and Krans, 1979) 
also regulate lipid metabolism in the adipose tissue. 
Adrenergic regulation of adipocyte metabolism recently 
was reviewed by Fain and Garcia-Sainz (198 3). Catecholamines 
alter cyclic AMP concentrations to regulate rates of 
lipolysis by hormone-sensitive lipase within adipocytes. 
Mersmann (1984a, 1984b) discussed the adrenergic control of 
lipolysis specifically in swine adipose tissue. He found 
that, while lipolysis in swine adipose tissue is stimulated 
by 6-agonists such as epinephrine, norepinephrine, and 
isoproterenol (Mersmann et al., 1974) , the swine adipose 
adrenoreceptor cannot be readily classified as a gi or B2 
receptor, but may be unique in its specificity (Mersmann, 
1984a, 1984b). 
In summary, the endocrine system affects the balance 
of anabolic and catabolic processes within the adipocyte 
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and, thus, plays a significant role in determining the 
extent of triglyceride and cholesterol deposition in the 
body. The effects of diet and other factors on lipid 
deposition in the body tissues are mediated, at least in 
part, by the endocrine system. The overall importance of 
hormonal regulation in determining degree of adiposity 
has not been determined but, undoubtedly, hormonal 
interactions are significant in the regulation of net 
lipid deposition. 
Excretion and catabolism 
Although the metabolism of cholesterol and that of 
triglycerides are highly similar and closely interrelated, 
as discussed up to this point, the output of these two lipid 
classes from the body is quite dissimilar. Most of the loss 
of cholesterol from the body is as fecal bile acids and 
neutral steroids, although smaller amounts also are 
metabolized to steroid hormones and lost through skin, 
in milk, and in urine (Sabine, 1977). The steroid ring 
structure, however, is not oxidized as a source of energy 
in mammalian cells. Fatty acid output, on the other hand, 
occurs mainly through catabolism by way of g-oxidation and 
tricarboxylic acid cycle pathways in heart, muscle, and other 
tissues (Jones and Havel, 1967). The steps in the oxidation 
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of fatty acids are presented by Gurr and James (1980). 
Excretion of triglycerides in the feces plays only a minor 
role in output from the body, equalling approximately 4% or 
less of the dietary fat over a wide range of fat intakes 
in healthy humans (Westergaard and Dietschy, 1974) . 
Bile acids are synthesized from cholesterol primarily 
in the liver (Salen and Shefer, 1983), although small 
amounts of bile acids may be synthesized in peripheral 
tissues (Oh and Dupont, 1975). Bile acid metabolism and 
its regulation are reviewed by Goswami and Dupont (1982), 
Macdonald et al. (1983), and Salen and Shefer (1983). The 
primary bile acids, chenodeoxycholic and hyocholic acid in 
the pig (Goswami and Dupont, 1982), are synthesized in the 
liver and conjugated to glycine and taurine before secretion 
in the bile. Cholesterol, phospholipids, and other com­
pounds also are secreted in the bile along with the bile 
acids (Carey and Small, 1970). In the distal intestinal 
tract, the primary bile acids are transformed by micro­
organisms to secondary forms, such as lithocholic and 
hydeoxycholic acids in the pig (Goswami and Dupont, 1982). 
The second major path of cholesterol excretion is as 
fecal neutral steroids, which include unabsorbed dietary 
sterols, endogenous cholesterol from bile and intestinal 
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cells, and microbial derivatives of the endogenous and 
exogenous sterols in the intestinal lumen. Discussion of 
neutral steroid excretion also is presented by Goswami and 
Dupont (1982) and by Macdonald et al. (1983). The sterol 
ring structure usually is not degraded in the intestine 
(Dupont, 1980). Many steroid compounds are produced during 
intestinal transit (McNamara et al., 1981), but coprostanol 
and coprostanone are most prevalent. The amount and 
composition of the fecal neutral steroids are influenced 
by various dietary factors, including amount and type of 
dietary sterols, and by dietary effects on the intestinal 
bacterial population. 
Cholesterol balance in the body is determined, in 
part, by the excretion of bile acids and neutral steroids, 
and steroid excretion is considered one of the most 
important regulatory mechanisms in cholesterol metabolism. 
The roles of bile acid and neutral steroid excretion in 
regulating cholesterol metabolism are discussed by Dietschy 
and Wilson (1970c). 
A number of studies have measured steroid excretion in 
the pig. Dupont and coworkers (1974) measured cholesterol 
and bile acid turnover in a strain of miniature pigs, and 
concluded from their results that the minipig was a 
desirable model for the study of cholesterol turnover. The 
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effects of three diets on steroid excretion in pigs were 
examined by Marsh et al. (1972); although secretion of 
neutral and acidic steroids into the intestine did not differ 
between pigs fed a mash diet and a high-fat milk diet (each 
containing 2.4 g cholesterol per daily feeding), re-
absorption of both types of steroids was greater in milk-fed 
animals, so less total excretion of steroids occurred with 
the milk diet. Kim et al. (1974) found an increase in bile 
acid and neutral steroid excretion when pigs received the 
drug cholestyramine, but not clofibrate. The authors 
concluded that decreased absorption and increased excretion 
of steroids is the mechanism of the hypocholesterolemic 
action of cholestyramine. Topping et al. (1980) found a 
similar effect of dietary saponins in pigs. 
The composition and origins of neutral steroids in 
adult sows fed 80 mg of cholesterol in a semi-synthetic diet 
were investigated by Aigueperse et al. (1981a, 1981b). 
Cholesterol was the major sterol in the small intestine 
of the sows but was converted partially to coprostanol (10-
44%) and, to a much lesser extent, epicoprostanol in the 
cecum. Approximately 392 mg of fecal neutral sterols were 
excreted per day, including 34 mg of unabsorbed dietary 
cholesterol, 234 mg of cholesterol excreted from the plasma 
(largely by way of the liver and bile), and 125 mg of choles­
terol secreted by the intestine (Aigueperse et al., 1981a). 
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Lipids other than cholesterol, including triglycerides 
and fatty acids, also have been shown to be excreted follow­
ing exsorption from the intestine into the intestinal 
lumen (Hollander and Dadufalza, 198 3). Exsorption, however, 
usually is minor, considering the high apparent absorption 
of dietary fat previously mentioned. Several studies with 
young pigs, on the other hand, found total lipid digest­
ibility ranging from 15 to 95%, varying with amount and 
composition of dietary fat, other diet components, and age 
of pigs (Eusebio et al., 1965; Sewell and Miller, 1965; 
Frobish et al., 1969, 1970). No attempt was made in these 
experiments to measure the contributions of endogenous and 
exogenous lipids to total fecal fat. Differences between 
species apparently exist in the efficiency of absorption 
and utilization of dietary fat (Frobish et al., 1970). 
As previously stated, the major function of tri­
glycerides is as a fuel source for the body, and oxidation 
of fatty acids to CO2 is the major route of elimination 
from the body. Tepperman and Tepperman (19 70) provided an 
excellent summary of energy balance and the regulation of 
the use of various fuel sources in the body. Masoro (1977) 
reviewed the use of free fatty acids as a physiological fuel 
source in the muscle and heart, as well as the role of the 
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liver in metabolizing free fatty acids and providing ketone 
bodies as an energy source to other tissues. In general, 
intracellular lipids do not serve as a net source of 
energy when extracellular fuels are available in sufficient 
amounts (Masoro, 1977). The regulation of metabolism of 
fatty acids in the liver was reviewed by Heimberg et al. 
(1978) and by Mannaerts and DeBeer (1979); regulation of 
fatty acid uptake and metabolism in muscle was discussed 
by Idell-Winger and Neely (1978). 
Effects of Diet on Cholesterol and 
Triglyceride Metabolism 
Dietary cholesterol 
The effects of dietary cholesterol on cholesterol 
metabolism, plasma cholesterol concentrations, and 
atherosclerosis have been investigated and debated since 
1913 when Anitschkow induced fatty arterial deposits in 
rabbits by feeding large amounts of cholesterol in the diet. 
McGill (1979) reviewed the literature examining the relation­
ship of dietary cholesterol to serum cholesterol and 
atherosclerosis in humans. He concluded that serum 
cholesterol concentrations of adults increase as dietary 
cholesterol intake increases when total cholesterol intake 
ranges from zero to 600 mg per day; dietary 
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cholesterol intake above approximately 600 mg per day, how­
ever, does not produce an additional effect in most people. 
McGill stressed that the response to dietary cholesterol is 
highly variable between individuals. 
As discussed earlier in this review, total body 
cholesterol is regulated by the interaction of cholesterol 
absorption, synthesis, and excretion. Several specific 
aspects of the effects of dietary cholesterol on cholesterol 
metabolism also have been discussed. Little work has 
been done to examine the effects of dietary cholesterol 
specifically on triglyceride metabolism, perhaps because 
of the ubiquitous nature of cholesterol in the body. 
Different species vary considerably in their 
metabolic responses to high intakes of cholesterol. 
Rabbits, for example, develop high concentrations of 
cholesterol in the blood and tissues when fed cholesterol 
because cholesterol absorption far exceeds removal of 
cholesterol from the body (Wang et al., 1957). Rats, on the 
other hand, compensate for increased absorption of dietary 
cholesterol with increased synthesis and excretion of bile 
acids (Wilson, 1964) and decreased synthesis of cholesterol 
(Morris et al., 1957; Fears and Umpleby, 1979), and do not 
develop marked hypercholesterolemia or increases 
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in tissue cholesterol, except in the liver (Chanutin and 
Ludewig, 1933). 
Quintào et al. (1971) examined the compensatory 
mechanisms invoked by increased cholesterol intake in 
humans. Cholesterol absorption was not found to be severely 
limited, as has been proposed (Wilson and Lindsey, 1965), 
when large amounts of cholesterol were fed; patients 
consuming up to three grams of cholesterol per day could 
absorb as much as one gram. Quintào and coworkers (1971) 
found that, while bile acid synthesis and excretion was not 
enhanced in humans by dietary cholesterol, cholesterol 
re-excretion in the bile and neutral steroid excretion in 
the feces was increased. Cholesterol synthesis also was 
suppressed in several patients when cholesterol intake was 
increased, although the response from individual to 
individual was variable (Quintào et al., 1971). In 
cases where feedback inhibition of cholesterogenesis did 
not occur and cholesterol absorption exceeded the body's 
capacity to compensate, cholesterol accumulated in body 
pools (Quintào et al., 1971). 
Recent studies by Maranhao and Quintào (1983) 
examined the effects of a cholesterol-rich diet on 
cholesterol metabolism in normal and hypercholesterolemic 
individuals. The authors found that the major mechanism 
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for prevention of cholesterol accumulation during increased 
cholesterol intake in humans was suppressed cholesterol 
synthesis; increased excretion of bile acids and endogenous 
neutral steroids played a secondary role. Both cholesterol 
synthesis during the cholesterol-free diet period and 
cholesterol absorption during the cholesterol-rich diet 
period were independent of serum cholesterol concentrations, 
and the compensatory mechanisms were equally efficient in 
normal and in hypercholesterolemic subjects. As seen 
previously, individual responses to increased dietary 
cholesterol were quite variable, and 6 of 13 subjects 
accumulated cholesterol during the cholesterol-feeding 
period. 
Marsh and coworkers (1972) quantified the effects of 
three diets—a low-fat mash diet, the same mash diet with 
2.4 grams of crystalline cholesterol added daily, and a 
high-fat milk diet containing 2.4 grams of cholesterol per 
day—on cholesterol turnover, synthesis, and retention in 
growing pigs. Only the pigs fed the high-fat milk diet had 
increased, plasma cholesterol concentrations. Milk-fed pigs 
also accumulated more cholesterol in the liver and bone 
plus marrow, but not in any other tissues, than did pigs 
fed the mash diets, with or without added cholesterol. The 
high-fat milk diet greatly enhanced the absorption of 
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cholesterol, but also depressed cholesterol synthetic 
rates to help compensate for increased cholesterol 
absorption, which is similar to the response seen in humans. 
An earlier study by Reiser et al. (1959) also showed 
decreased cholesterol synthesis when pigs were fed a high-
fat diet supplemented with cholesterol. Pigs fed the high-
fat diet also excreted less bile acids and neutral steroids. 
The hypercholesterolemia of the pigs fed the high-fat diet 
probably resulted from more efficient absorption and re-
absorption of neutral and acid steroids that were only 
partially compensated for by decreased choiesterogenesis. 
Cholesterol added to a low-fat diet did not significantly 
alter cholesterol content or metabolism in the body because 
only a small amount (4.7%) of the dietary cholesterol was 
absorbed. A recent study by Wong and Chan (1980) confirmed 
that a high fat diet supplemented with cholesterol (in this 
case, in the form of dried egg yolk) will produce hyper­
cholesterolemia and will increase atherosclerosis in the 
thoracic and abdominal aortas in miniature pigs. The 
effects of the dietary fat (i.e. lard) and cholesterol, 
however, were not determined separately in this study. 
Further experiments examining specifically the effects of 
dietary cholesterol on cholesterol metabolism in swine, 
and the comparison of the responses to those seen in humans 
seem warranted. 
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Some of the effects of dietary cholesterol on plasma 
lipoprotein composition and metabolism in the pig and other 
species have been discussed earlier in this review. For 
further information, Mahley (1982) presents, in greater 
detail, an excellent review of the changes in plasma lipo­
proteins brought about by dietary fat and cholesterol. 
Dietary fat 
The quantity and(or) composition of dietary fat exerts 
an influence over nearly every process involved in tri­
glyceride and cholesterol metabolism. The role of dietary 
fat in atherogenesis was reviewed by Glueck (1979) and 
Schade (1981). Groen et al. (1952) and Kinsell et al. (1952) 
first reported that replacing animal fat in the diet of 
humans with equivalent amounts of fat from plant sources 
caused a decrease in serum cholesterol concentrations. 
Since these early studies, innumerable studies have 
examined the effects of amount and type of dietary fat on 
plasma cholesterol, other aspects of cholesterol metabolism, 
and the development or occurrence of atherosclerosis (Glueck, 
1979). Although the cause-and-effect nature of dietary 
fat and atherosclerosis remains controversial (Mann, 1972; 
McMichael, 1979; Sinclair, 1980; Epstein, 1983), most 
researchers accept that dietary polyunsaturated fat will 
45 
lower plasma cholesterol concentrations, when compared with 
dietary saturated fat, under most experimental conditions 
in most species examined. Investigators examining the 
effects of type of dietary fat on plasma triglyceride 
concentrations have found more divergent results, and dietary 
polyunsaturated oil seems to have minimal effect on 
plasma triglyceride content of normolipidemic individuals 
(Goodnight et al., 1982) . 
The mechanisms of the effect of dietary fat on serum 
cholesterol also have been the subject of controversy. 
Several studies have found effects of polyunsaturated and 
saturated fat on (1) synthesis of cholesterol, (2) absorption 
of cholesterol, (3) excretion of neutral steroids and(or) 
bile acids, (4) structure and metabolism of lipoproteins, and 
(5) distribution of cholesterol between blood plasma and 
tissues (Jackson et al., 1978). Goodnight and colleagues 
(1982) also reviewed the effects of the specific families 
of polyunsaturated fatty acids on plasma lipids, 
cholesterol metabolism, and cardiovascular function. 
Several studies have examined the role of dietary fat 
in regulation of cholesterogenesis. Linazasoro et al. 
(1958) found that feeding high fat diets to rats increased 
the liver's capacity for synthesizing cholesterol from 
acetate; type of dietary fat did not have an influence on 
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rate of cholesterol synthesis in this study. In a study 
by Wood and Migicovsky (1958), however, cholesterol 
synthesis from acetate was greater in rats fed unsaturated 
fat than in those fed saturated fat. Other researchers 
have reported conflicting results. Goh and Heimberg 
(1973, 1976) found that oleate stimulated HMG-CoA 
reductase activity and cholesterol biosynthesis using 
as tracer in perfused rat livers. Ide et al. (1978) 
observed that dietary stearate increased cholesterol 
synthesis in rat liver to a greater extent than did other 
fatty acids. Jenke et al. (1982) recently reported that a 
saturated fat diet (containing 2.5% stearic and 2.5% palmitic 
acid) stimulated HMG-CoA reductase activity by 40%, but other 
dietary fats, including butter or margarine fed at 5% of 
the diet, inhibited the activity of the enzyme. Hillmar and 
colleagues (198 3) examined the effects of a number of 
different fatty acids on cholesterol synthesis by monolayer 
cultures of rat hepatocytes. Cholesterol synthesis from 
acetate and HMG-CoA reductase activity were stimulated by 
oleate and decreased by arachidonate; linoleate, linolenate, 
palmitate, stearate, and octanoate did not have a significant 
effect. 
Cholesterol synthesis has not been measured directly 
in humans consuming fats of various composition. Indirect 
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measurements in normolipidemic (Nestel et al., 1974) and 
hypercholesterolemia (Grundy and Ahrens, 1970) subjects have 
shown no differences in cholesterogenesis associated with 
changes in dietary fat. Recent studies found similar rates 
of cholesterol synthesis in freshly isolated mononuclear 
cells from humans fed diets that contained polyunsaturated 
or saturated fat (Illingworth and Sundberg, 1981). The 
results of these studies have led Goodnight and colleagues 
(1982) to conclude that polyunsaturated fatty acids do not 
lower plasma cholesterol concentrations in humans by altering 
rates of cholesterol synthesis. The effects of type of 
dietary fat on cholesterol synthesis in tissues of pigs has 
not been examined. 
Composition and amount of fat in the diet influence 
the de novo synthesis of fatty acids, but the effects of 
dietary fat vary between different tissues and different 
species. Herzberg (1983) reviewed the effects of dietary 
fat on lipogenesis. As summarized by Herzberg, inclusion 
of fat in the diet inhibits lipogenesis in liver and 
adipose tissue in a concentration-dependent manner. All 
of the studies cited by Herzberg involved rats, mice, or 
tissue samples from those species. Studies by O'Hea et al. 
(1970) and Allee et al. (1971a) also found less lipo­
genesis in adipose tissue of pigs fed 13% fat than in that 
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of pigs fed 1-2% fat in the diet. Activities of lipogenic 
enzymes in liver and adipose tissue were decreased by 
an increase in dietary fat intake of neonatal pigs 
(Wolfe et al., 1977). Thus, pigs resemble other species 
examined in the net effect of quantity of dietary fat on 
fatty acid synthesis. 
The effect of type of dietary fat on lipogenesis is 
more ambiguous. The influence of saturated versus poly­
unsaturated fatty acids seems to vary between tissues and 
species, perhaps, in part, because of differences between 
species in relative contributions of various tissues to 
fatty acid synthesis. Herzberg (1983) reviewed the role 
of fatty acid composition in regulating lipogenesis. Early 
work, comparing effects of various dietary fatty acids on 
lipogenesis found conflicting results, perhaps partially 
because differences in fatty acid absorption were not 
taken into account. Clarke et al. (1977) fed palmitate, 
stearate, oleate, linoleate, and linolenate to rats at 
concentrations such that equal amounts were absorbed. They 
found that palmitate and stearate did not inhibit fatty 
acid synthesis in the liver, oleate caused slight inhibition, 
and linoleate and linolenate caused marked inhibition. 
Dupont et al. (1978) reported that both beef tallow and 
corn oil depressed lipogenesis in 3-month-old rats, while 
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tallow did not decrease fatty acid synthesis in rats 6 
months of age or older. Corn oil continued to suppress 
lipogenesis up to 12 months of age in male rats and 18 
months in females-
Other studies with rats (Flick et al., 1977) and mice 
(Schwartz and Abraham, 1982) showed that polyunsaturated 
fatty acids, and especially linoleic acid and other fatty 
acids with double bonds at decreased the amount of 
fatty acid synthetase in the liver when compared with 
saturated fatty acids. The effect of the polyunsaturated 
fatty acids was shown not to be mediated by way of 
prostaglandins in either of these studies. 
Fewer studies have examined the role of dietary fatty 
acids in regulating lipogenesis in adipose tissue than in 
liver, and the results seem even more contradictory. 
Studies by Loriette and Lapous (1976) with rats, by Allée et 
al. (1972) with pigs, and by Waterman et al. (1975) with 
both species concur that dietary saturated fat caused as 
much (Allée et al., 1972) or more (Waterman et al., 197 5; 
Loriette and Lapous, 1976) suppression of lipogenesis in 
adipose tissue than did polyunsaturated fat in the diet. 
Jeffcoat et al. (1979) concluded that lipogenic activity 
in the liver is inhibited somewhat by saturated fat, but 
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lipogenic enzyme content ultimately is controlled by 
polyunsaturated fatty acids. In adipose tissue, on the 
other hand, lipogenesis is controlled by inhibition of 
lipogenic enzymes by saturated fat, and polyunsaturated 
fat does not affect enzyme concentrations. The effects 
of composition of dietary fat on lipogenesis in the 
intestine has not been examined, but regulation of lipo­
genesis in this tissue seems to differ from that in liver 
and adipose tissue (Wilson et al., 1983) . 
A second possible mechanism of action of dietary fat 
on plasma cholesterol might be related to cholesterol 
absorption. As discussed previously, the inclusion of fat 
in the diet greatly facilitates cholesterol absorption. 
The mechanism whereby dietary fat enhances cholesterol 
absorption is not well defined, but may involve increased 
solubilization of cholesterol in the lumen of the intestine, 
stimulation of greater bile flow, provision of additional 
amphipathic compounds (e.g. monoglycerides), or perhaps 
increased rate of chylomicron formation and secretion 
(Dietschy and Wilson, 197Gb)- Studies with humans have not 
demonstrated an effect of type of fat consumed on 
cholesterol absorption in normal (Nestel et al., 1974) or 
hyperlipidemic individuals (Grundy and Ahrens, 1970). 
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Jackson et al. (1978) and Goodnight et al. (1982) argue that 
the hypocholesterolemia associated with dietary poly­
unsaturated fat is not caused by decreased cholesterol 
absorption. Experiments with primates (Tanaka and Portman, 
1977) and rats (Feldman et al., 1979), however, have shown 
that polyunsaturated fat in the diet increased cholesterol 
absorption when compared with saturated fat. Changes in 
cholesterol absorption caused by differences in dietary fat 
composition may be related to efficiency of absorption 
of different fatty acids (Feldman et al., 1979). Many 
studies have shown that polyunsaturated fatty acids tend 
to be absorbed more efficiently than are saturated fatty 
acids, perhaps because of differences in physical state 
at body temperature and(or) differences in rates of 
esterification within intestinal mucosa cells (Ockner et 
al., 1972). Studies with young pigs (Sewell and Miller, 
1965) also found greater digestibility of corn oil than of 
beef tallow or lard. Absorption of palmitic acid was 
slightly less and of stearic acid was significantly less 
than absorption of oleic or linoleic acid. To the best 
of my knowledge, the effect of type of dietary fat on 
cholesterol absorption in pigs has not been examined. 
Many studies have investigated the influence of 
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dietary fat on fecal excretion of bile acids and neutral 
steroids. Grundy (1975) reviewed experiments that compared 
the effects of type of dietary fat on cholesterol metabolism 
in hypertriglyceridemic, hypercholesterolemic, and normo-
lipidemic subjects. Normal and hypertriglyceridemic subjects 
consistently had increases in fecal steroids when fed diets 
containing polyunsaturated, compared to saturated, fats. 
Patients with familial hypercholesterolemia, however, did 
not demonstrate consistent increases in steroid excretion 
when dietary polyunsaturated fat produced lower plasma 
cholesterol concentrations. Grundy concluded that increased 
excretion of steroids is not required absolutely for plasma 
cholesterol reduction and that "it may be futile to search 
for a single or unifying explanation for the lowering of 
plasma cholesterol by polyunsaturated fat." 
Jackson et al. (1978) also discussed at length studies 
that examined the effects of dietary fat on steroid excre­
tion. They concluded that, although there is great variabil­
ity between individuals, especially in those with hyperlipid-
emia, most normal subjects have shown increased total steroid 
excretion when fed polyunsaturated fat compared with satu­
rated fat. Goodnight et al. (1982) concurred with their 
conclusions. 
Cevallos and coworkers (1979) quantified the effects 
of diets containing beef tallow or corn oil on plasma 
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cholesterol, bile flow and composition, and fecal steroid 
excretion in miniature swine of both sexes. Plasma 
cholesterol concentrations were increased by tallow and 
decreased by corn oil. Compared with a low fat diet, both 
dietary tallow and corn oil increased secretion of bile 
and biliary lipids, size of the bile acid pool, and, 
in male pigs, excretion of fecal neutral steroids. Bile 
acid excretion in the feces, however, was increased only 
when corn oil was fed, suggesting that polyunsaturated 
fatty acids may interfere in some way with reabsorption 
of bile acids. The authors concluded that decreased re-
absorption of bile acids may be the mechanism of the 
hypocholesterolemic action of dietary polyunsaturated fat. 
Altered composition and metabolism of plasma 
lipoproteins also have been suggested as mechanisms of the 
differential effects of saturated and polyunsaturated fat 
on plasma cholesterol. As early as 1957, Nichols and 
coworkers reported that diets containing large amounts of 
animal fat increased the amount of plasma LDL in men. 
Spritz and Mishkel (1969) found decreased LDL lipids, but 
not HDL lipids, in men when polyunsaturated fat was fed. 
They found that the fatty acid composition of the plasma 
lipids was altered by type of dietary fat and hypothesized 
that the hypocholesterolemic effect of polyunsaturated fat 
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was a result of the change in fatty acid composition of LDL 
lipids-
Jackson et al. (1978) and Goodnight et al. (1982) also 
reviewed studies that examined the effects of dietary fat on 
plasma lipoproteins. Jackson and colleagues (1978) concluded 
that the literature substantiates that concentrations of 
circulating LDL cholesterol and protein are reduced by 
dietary polyunsaturated fatty acids in some individuals, 
but the mechanism by which this change is achieved has not 
been resolved. They suggest that the lipolytic enzymes LPL 
and LCAT may be involved, or that uptake by LDL receptors 
may be altered. Another possible mechanism is that 
differences in intestinal lipoprotein synthesis may be re­
lated to absorption of fat and cholesterol from diets that 
contained different types of fat and may, in turn, affect 
further lipoprotein metabolism (Feldman et al., 1983). All 
of the mechanisms suggested above may, in fact, be related 
to changes in fluidity of lipoproteins and(or) cellular 
plasma membranes caused by differences in fatty acid 
composition; further research is necessary to determine at 
which steps of lipoprotein metabolism the dietary fat 
actually exerts its effects. 
Changes in lipoprotein metabolism also might result in 
redistribution of cholesterol between plasma and tissues, 
a fifth mechanism suggested for the hypocholesterolemic 
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effect of dietary polyunsaturates. Several early reports 
suggested this mechanism of action (Spritz et al., 1963; 
Bloomfield, 1964; Avigan and Steinberg, 1965; Bieberdorf 
and Wilson, 1965; Spritz et al., 1965; Grundy and Ahrens, 
1970). Both Jackson et al. (1978) and Goodnight et al. 
(1982) concluded, however, that there is no direct evidence 
that dietary polyunsaturated fat increases tissue cholesterol 
concentrations in man. 
A number of experiments with different animal species 
have demonstrated greater cholesterol deposition in animals 
fed polyunsaturated than saturated fat. Species involved 
include calves (Jacobson et al., 1974; Wiggers et al., 1977b; 
Barrows et al., 1980; Richard et al., 1980), rabbits 
(Bieberdorf and Wilson, 1965; Richard et al., 1982), rats 
(Wiggers et al., 1977a; Awad, 1981), guinea pigs (Crocker 
et al., 1979), squirrel monkeys (Lofland et al., 1970), and 
pigs (Reiser et al., 1959; Forsythe et al., 1980; Wiggers 
et al., 1980; Julius et al., 1982; Richard et al., 1983; 
Walsh et al., 1983). In the study by Forsythe et al. (1980), 
dietary fat source (i.e. corn oil versus tallow) did not 
alter the percentages of VLDL, LDL, or HDL in the plasma, 
although plasma cholesterol concentration was increased by 
the more saturated dietary fat. Cholesterol concentrations 
in the livers and aortas of pigs fed saturated fat, however. 
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were somewhat lower than in those of pigs fed polyunsaturated 
fat. Wiggers et al. (1980) and Julius et al. (1982) did not 
find an effect of type of fat on cholesterol distribution in 
the lipoprotein fractions. Richard et al. (1983) found a 
greater percentage of the plasma cholesterol in the LDL 
and a lower percentage in the HDL of pigs fed soybean oil 
than in those fed tallow. Walsh et al. (1983), on the other 
hand, reported that pigs fed a soy-based diet had a greater 
percentage of total lipoprotein cholesterol in the HDL 
and a smaller percentage in the LDL fraction than did pigs 
fed a beef-based diet. In spite of these differences in 
lipoprotein cholesterol distribution, all of the above 
studies demonstrated greater cholesterol deposition in 
specific tissues such as the adipose tissue (Julius et 
al., 1982; Richard et al., 1983) and aorta (Walsh et al., 
1983); in composite samples such as the viscera and carcass 
(Walsh et al., 1983); and in the whole body (Wiggers et al., 
1980; Julius et al., 1982; Richard et al., 1983) of pigs 
receiving a more polyunsaturated fat diet. Dietary poly­
unsaturated fat increased deposition of total lipid, as well 
as cholesterol, in the body in the studies reported by 
Richard et al. (1983) and Walsh et al. (1983). 
Type of dietary fat also influences other aspects of 
adipose tissue development. Numerous experiments have 
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demonstrated that the fatty acid composition of deposited 
fat reflects the fatty acid content of the diet in mono-
gastric species such as the pig (Ellis and Hankins, 1925; 
Mendel and Anderson, 1930) and the human (Hirsch et al., 
1959; Dayton et al., 1962; Hegsted et al., 1962). Fatty 
acid composition also varies between different anatomical 
sites of fat deposition in pigs, as reviewed by Villegas 
et al. (1973). Type of dietary fat has been found to affect 
adipose tissue cellularity in mice (Bourgeois et al., 
1983) and rats (O'Brien et al., 1983), although this 
phenomenon has not been examined in pigs. Dietary lard 
caused hypertrophy and hyperplasia in subcutaneous fat of 
male mice, while soybean oil induced only hypertrophy. 
In female mice, however, development of hypertrophy and(or) 
hyperplasia seemed related to adipose site but not to 
type of dietary fat (Bourgeois et al., 1983). Studies 
with rats have shown promotion of adipose hyperplasia by 
saturated fat and of hypertrophy by unsaturated fat 
(Lemonnier et al., 1973) as well as the reverse results 
(Raulin et al., 1974). Thus, the effects of dietary fat 
composition on adipose tissue development, as well as other 
aspects of lipid metabolism, remain abstruse. The various, 
often seemingly contradictory, influences of dietary fat 
on lipid metabolism require further investigation to 
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elucidate the different regulatory mechanisms involved and 
their relative importance. 
Dietary protein 
The effect of dietary protein on development of 
atherosclerosis was recognized by Ignatowski in 1908, when 
rabbits fed meat were found to develop nephritis, liver 
cirrhosis, and atherosclerosis. Kritchevsky and Czarnecki 
(1983) reviewed the early history of the relationship between 
dietary protein and experimental atherosclerosis. Other 
reviews (Carroll and Hamilton, 1975; Carroll, 1978; 
Kritchevsky, 1979; Carroll, 1981a, 1981b; Carroll, 1982; 
Terpstra et al., 1983b) discuss more recent research that 
examined the effects of dietary protein on cholesterol 
metabolism and atherogenesis. 
Numerous studies have shown that casein or other animal 
proteins are hypercholesterolemic relative to soy protein 
or other plant proteins in rats (Nagata et al., 1980; 
Raheja and Linscheer, 1982; Terpstra et al., 1982b, 
1983d), rabbits (Carroll and Hamilton, 1975; Huff and Carroll 
1980b; West et al., 1982), and rhesus monkeys (Terpstra 
et al., 1984). Studies with mice (Raheja and Linscheer, 
1982; Weinans and Beynen. 1983) , guinea pigs (Terpstra 
et al., 1982c), and chickens (Mol et al., 1982; Terpstra 
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et al., 1983c), however, have demonstrated little or no 
effect of type of dietary protein on plasma cholesterol. 
Studies with humans also have shown inconclusive 
results, as discussed by Sacks et al. (1983) . Sacks and 
coworkers (1983) found no differences in plasma LDL, HDL, 
or total cholesterol when vegetarians consumed supplemental 
casein or soy protein. The authors stressed the differences 
between human studies (and normal human diets) in which sub­
jects consumed a variety of foods and animal trials in which 
the test protein supplied the majority or all of the protein 
in a semisynthetic diet. Other authors suggested that the 
differing effects of different dietary proteins on plasma 
cholesterol in animal models may be influenced by other 
constituents of the protein preparations (Carroll, 1978). 
Kritchevsky (1979) stressed the interaction of dietary 
constituents in influencing cholesterolemia and 
atherogenesis. Studies have examined interactions of 
dietary protein with dietary carbohydrates (Hamilton and 
Carroll, 1976; Hevia et al., 1979), dietary fiber (Hamilton 
and Carroll, 1976; Kritchevsky et al., 1977; Park and 
Harrold, 1983), and dietary lecithin (Jenkins et al., 1983). 
The influence of dietary protein on cholesterol metabolism 
also is influenced by exercise (Yashiro and Kimura, 1980), 
age (West et al., 1982), and sex (Terpstra et al., 1982b). 
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Several researchers have hypothesized that the amino 
acid makeup of a dietary protein is responsible for its 
cholesterolemic effect. Huff et al. (1977) tested this 
hypothesis when they fed rabbits semi-purified diets 
containing casein or soy protein isolate, enzymatic hydro-
lysates of casein or soy protein, or mixtures of L-amino 
acids equivalent to casein or soy protein isolate. Rabbits 
fed the casein diets had elevated plasma cholesterol 
concentrations while those fed the intact soy protein 
isolate or the soy protein hydrolysate maintained plasma 
cholesterol at lower concentrations. The amino acid mixture 
equivalent to soy protein isolate increased cholesterol 
concentrations slightly. The authors concluded that plasma 
cholesterol is influenced by the amino acids supplied in 
the diet, but other factors (i.e. nonprotein constituents) 
may be responsible, in part, for the cholesterolemic effect. 
In a similar experiment. Huff and Carroll (198 0b) found 
that amino acid mixtures corresponding to casein or egg yolk 
protein resulted in the same degree of hypercholesterolemia 
as the intact proteins. Amino acid mixtures corresponding 
to soy protein isolate or sunflower protein, on the other 
hand, produced lower plasma cholesterol concentrations, 
although not as low as those obtained with the intact 
proteins. 
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Torre et al. (1980) tested the hypothesis that 
hyperlipidemia is caused by an imbalance in amino acid 
intake. They found that rats fed gelatin, which is 
deficient in tryptophan, had increased concentrations of 
serum cholesterol and triglycerides. Supplementing the 
gelatin diets with L-tryptophan prevented the increases 
in serum lipid concentrations. Lefevre and Schneeman 
(198 3) also reported that poorer quality proteins promote 
hypercholesterolemia in weanling rats. They found 
significant inverse correlations between protein efficiency 
ratio (a measure of protein quality based on body weight 
gains) and both plasma and HDL cholesterol concentrations. 
Several studies have demonstrated that specific 
amino acids alter serum cholesterol concentrations. 
Kritchevsky (1979) proposed that the ratio of lysine to 
arginine in a dietary protein is responsible for its 
cholesterolemic response. His research group found that 
adding lysine to soy protein to approximate the lysine to 
arginine ratio of casein enhanced the atherogenicity of that 
diet in rabbits. Adding arginine to a casein-containing 
diet, however, produced equivocal results. Hevia and Visek 
(1980) and Hevia et al. (1980) found that 5% L-lysine in the 
diet of rats caused decreased serum HDL, increased LDL, and 
increased liver lipids. These effects were ameliorated by 
62 
the addition of 1% arginine to the diet. Results reported 
by Hentius and Dallinga-Thie (1979) , Mokady and Liener 
(1982), and Sugano et al. (1982) , however, refute the 
lysine to arginine ratio hypothesis. Each of these studies 
demonstrated that the cholesterolemic effect of the test 
protein was not altered by the supplementation of lysine or 
arginine. Other experiments have found effects of 
supplementation of methionine (reviewed by Terpstra et al., 
1983b), cystine (reviewed by Terpstra et al., 1983b; see also 
Rukaj and Sérougne, 1983; Sérougne and Rukaj, 1983), 
tryptophan (Sérougne and Rukaj, 1983), glycine (Katan et 
al., 1982), and glutamic acid and histidine (also discussed 
by Terpstra et al., 1983b). In summary, the amino acid 
composition of a protein plays a significant role in the 
regulation of serum cholesterol transport, but the observed 
effects of dietary protein on cholesterolemia cannot be 
ascribed entirely to the complement of amino acids. 
The mechanism(s) by which dietary proteins influence 
plasma cholesterol concentrations remain ambiguous. Sugano 
(1983) recently reviewed several possible mechanisms of the 
hypocholesterolemic effect of plant proteins relative to 
animal proteins. He reported that several studies found 
greater excretion of bile acids and(or) neutral steroids 
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when rats and rabbits were fed soy protein rather than 
casein. Terpstra et al. (198 3a) speculate that the slower 
digestion of soy protein (Roy and Schneeman, 1981) may 
interfere with the reabsorption of bile acids from the 
intestine (Sklan et al., 1979; Sklan, 1980). 
In an elegant experiment using rabbits. Huff and 
Carroll (1980a) quantified the effects of cholesterol-free, 
low-fat, semi-purified diets containing either casein or 
soy protein isolate on cholesterol absorption, oxidation, 
turnover, and excretion. They found that plasma cholesterol 
turnover and fecal excretion of bile acids and neutral 
steroids were greater in rabbits fed soy protein than in those 
fed casein. The soy-fed rabbits also had a lower rate of 
cholesterol absorption. The authors speculate that even 
an increase in cholesterogenesis would not compensate for 
the greater loss of cholesterol in the feces of soy-fed 
rabbits. Carroll (1981a) suggests that partial digestion of 
soy protein may result in products that sequester cholesterol 
and(or) bile acids in the intestinal lumen and thus increase 
their appearance in the feces. 
In a study similar to that of Huff and Carroll (1980a), 
Nagata et al. (1982) found results paralleling those of 
Huff and Carroll (19 80a) when rats were fed casein or soy 
protein. Amino acid mixtures equivalent to casein and soy 
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protein, however, produced quite different effects on 
cholesterol metabolism. Rats fed the soy-equivalent amino 
acid mixture or the casein-equivalent mixture had similar 
rates of cholesterol absorption, steroid excretion, and 
plasma cholesterol turnover. The soy-type mixture also 
reduced hepatic cholesterogenesis in vitro. The authors 
concluded that decreased absorption and increased excretion 
of steroids are responsible, for the most part, for the 
hypocholesterolemic effect of soy protein, but depressed 
hepatic sterogenesis seems to account for the decreased 
serum cholesterol concentrations when the soy-equivalent 
amino acid mixture was fed. When the intact proteins 
were fed, the soy protein actually caused increased 
hepatic cholesterol synthesis both in vivo and in vitro 
(Nagata et al., 1982). Reiser et al. (1977) also found 
greater activity of hepatic HMG-CoA reductase in rats fed 
soybean protein than those fed casein. The increased 
hepatic cholesterogenesis in soy-fed rats may be related to 
the decreased cholesterol and(or) bile acid absorption, 
which, in turn, would result in liberation of feedback in­
hibition of sterol synthesis. As stated earlier, the greater 
loss of fecal steroids in animals fed soy protein compared 
with those fed casein outweighed the increase in hepatic 
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sterogenesis. The newly synthesized cholesterol, in fact, 
may be preferentially secreted in the bile. Tanaka et al. 
(1984) found greater secretion of cholesterol in the bile 
of rats fed soy protein isolate than of rats fed casein; the 
hypocholesterolemic effect of soy protein may be related to 
this phenomenon also. 
Type and amount of protein in the diet also influences 
plasma lipoprotein composition. Most studies with rabbits 
have found that the increased plasma cholesterol of casein-
fed rabbits is carried in lower density lipoproteins. 
Several experiments demonstrated increases in cholesterol 
concentrations in LDL (Carroll et al., 1979; Terpstra and 
Sanchez-Muniz, 1981; Terpstra et al., 1981a; Aviram et al., 
1982; Scholz et al., 1982; Terpstra et al., 1982d), VLDL 
(Carroll et al., 1979; Terpstra et al., 1981a; Aviram et al., 
1982: Scholz et al., 1982: Terpstra et al., 1982d) and IDL 
(Carroll et al., 1979; Scholz et al., 1982). The feeding of 
semipurified diets containing either soy protein or casein 
caused increases in the ratio of cholesterol to protein in 
all lipoprotein fractions within one day, suggesting that 
cholesterol-rich lipoproteins were formed (Terpstra and 
Sanchez-Muniz, 1981; Terpstra et al., 1981a). The relative 
cholesterol content in the LDL, IDL, and VLDL fractions 
varied over the time course of several experiments (Aviram 
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course of several experiments (Aviram et al., 1982; Scholz 
et al., 1982), indicating that lipoprotein metabolism was 
altered with time by dietary protein. Changes in tri­
glyceride concentrations in the lipoproteins paralleled 
changes in cholesterol content but were much less pronounced 
(Aviram et al., 1982). 
Similar changes in plasma lipoproteins to those in 
rabbits fed different proteins have been seen in studies 
with rats (Terpstra et al., 1982b) and humans (Holmes et al., 
1980; Wolfe et al., 1981). In both of these species, 
increased plasma cholesterol in subjects fed casein or other 
animal proteins was carried in the LDL and VLDL fractions. 
A study with rats conducted by Neves et al. (198 0) and one 
with humans conducted by van Raaij et al. (1982), however, 
showed no differences in lipoprotein concentrations of 
subjects fed animal versus plant sources of protein. Thus, 
rabbits seem to be much more amenable to changes in 
cholesterol and lipoprotein metabolism than do other species, 
including humans. 
Dietary protein may alter lipoprotein metabolism by way 
of apoprotein (apo) production or metabolism. Studies have 
demonstrated increases in apoE in VLDL and IDL and apoC in 
VLDL of casein-fed rabbits (Roberts et al., 1981; Scholz 
et al., 1982). These results suggest differences in transfer 
67 
rates of apoproteins between VLDL and HDL. As reviewed 
by Sugano (1983), differences have been found in apoAi 
and apoB concentrations when rats were fed soy protein or 
casein. The effect of dietary protein on apoAi may be 
mediated through intestinal synthesis and secretion (Tanaka 
et al., 1983). Overall, type of protein affects the rate of 
turnover of plasma apoproteins (Roberts et al., 1981); 
soy protein in the diet of rabbits promotes more rapid 
turnover of apoproteins than does dietary casein. From 
these observations, Roberts and colleagues (1981) concluded 
that the effects of dietary protein on cholesterol 
metabolism may, in fact, be secondary to the effects on 
plasma apoproteins. 
West et al. (1983) describe one possible scenario of 
the hypercholesterolemic effect of dietary casein in 
rabbits. As casein-induced hypercholesterolemia develops, 
cholesterol concentrations increase in the first few days 
in the LDL and subsequently in the VLDL and IDL fractions. 
The VLDL also become enriched with apoE. Fecal excretion 
of steroids is decreased (compared to that in soy-fed 
animals). Greater input of cholesterol into the liver 
decreases the number of hepatic LDL receptors (demonstrated 
by Chao et al., 1982), which further aggravates the 
accumulation of cholesterol in the plasma and may reduce 
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biliary steroid secretion. Thus, casein-induced hypercho­
lesterolemia seems to be the result of decreased clearance 
of plasma cholesterol. 
Sugano (198 3) concurred with the summation by West et 
al. (1983) and concluded that cholesterol dynamics are shifted 
toward lowering the pool size of cholesterol in the plasma 
and, perhaps, the tissues in soy-fed, when compared with 
casein-fed, animals. Few studies have quantified the effects 
of dietary protein on tissue cholesterol concentrations. 
Liver cholesterol increased in rats (Nagata et al., 1981; 
Terpstra et al., 1982b) and rabbits (Beynen et al., 1983a) 
fed casein, as would be expected from other changes in cho­
lesterol metabolism. No significant difference, however, was 
seen in cholesterol concentrations in adipose tissue of soy-
or casein-fed rats (Nagata et al., 1981). 
The actual molecular mechanisms involved in the 
regulation of cholesterol metabolism by dietary protein 
remain obscure. Sirtori (1982) suggested that amino acids 
or small peptides released during protein digestion may 
profoundly affect intermediary metabolism. West et al. 
(1984) demonstrated that formaldehyde-treated casein, which 
is less readily digested than untreated casein, did not 
produce the characteristic casein-induced hypercholesterolemia 
in rabbits. They concluded that the tertiary structures of 
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intact casein and soy protein are important in determining 
their cholesterolemic responses, perhaps because of 
differences in the site and other characteristics of protein 
digestion in the intestines. Sugano et al. (1982) examined 
the effects of dietary protein, including specifically 
lysine and arginine, on insulin and glucagon responses in 
rats. In his review of the mechanisms by which dietary 
protein influences cholesterol metabolism, Sugano (1983) 
discussed the effects of lysine and arginine on insulin and 
glucagon secretion and their subsequent effects on lipid 
metabolism. He also suggested that amino acids or peptides 
released during digestion may alter hormonal responses in 
ways that ultimately produce the documented changes in 
cholesterol and lipoprotein metabolism. Sugano (1983) 
concluded his review by briefly discussing a number of other 
factors that may mediate the effects of dietary protein 
on cholesterol metabolism. Extensive work is necessary to 
pinpoint the exact mechanism by which dietary protein acts. 
The effects of dietary casein and soy protein on 
cholesterol metabolism in pigs have been studied extensively 
by Kim and coworkers (as reviewed by Kim et al., 1983, and 
Terpstra et al., 1983b). Studies with young male Yorkshire 
pigs (Kim et al., 1978; Kim et al., 1980) demonstrated that 
dietary casein promoted greater serum cholesterol concen­
trations than did dietary soy protein when pigs were fed 
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a high-fat, high-cholesterol diet (i.e. 42% of calories 
from butter and 1055 mg cholesterol daily). Serum 
cholesterol did not differ, however, between pigs fed a 
commercial diet and those fed casein or soy protein in a 
low-fat, cholesterol-free mash diet (Kim et al., 1980). 
Pigs fed high-fat, high-cholesterol diets containing a 
1:1 mixture of casein and soy protein had intermediate 
serum cholesterol concentrations between those of animals 
fed similar diets containing only soy and only casein (Kim 
et al., 1978). Kim et al. (1983) also found that amount of 
protein in the diet affected serum cholesterol concentra­
tions. The hypercholesterolemic effect of casein increased 
as the amount of casein in the diet increased, but changing 
the percentage of soy protein in the diet from 10 to 20% 
of calories did not significantly alter serum cholesterol. 
The effects cf supplementation of casein and soy protein 
diets with glycine or methionine also were examined (Kim 
et al. , 1978). Methionine supplementation of either diet 
and glycine supplementation of the soy diet had no effect 
on serum cholesterol. Glycine, however, exacerbated casein-
induced hypercholesterolemia. In a recent study, Kim and 
coworkers (19 83) examined the effects of two other proteins— 
egg albumin and gelatin--on cholesterolemia. Dietary egg 
albumin produced serum cholesterol values intermediate 
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between values seen for dietary soy protein and for dietary 
casein. A mixture of 1/2 casein and 1/2 gelatin, on the 
other hand, was nearly as hypercholesterolemic as was casein 
alone. 
Using the pig as a model, Kim and colleagues (1974, 
1975, 1983) have attempted to elucidate the hypocholesterol-
emic mechanism of soy protein. Their work is based on the 
traditional concepts of cholesterol balance (Kim et al., 
1974, 1975, 1983). In summary, their experiments with pigs 
have shown: (1) no differences in fecal excretion of 
neutral or acidic steroids in pigs fed either soy or casein 
diets in the 1978 study, but greater excretion of both types 
of steroids in soy protein-fed pigs in the 1980 study; 
(2) no differences in dietary cholesterol absorption resul­
ting from type of dietary protein (Kim et al., 1978); (3) 
no differences in whole body cholesterol synthesis (Kim 
et al., 1978) or hepatic HMG-CoA reductase activities (Kim 
et al., 1980) caused by type of dietary protein; and (4) 
greater cholesterol content of the whole body of pigs fed 
casein than of those fed soy protein (Kim et al., 1978). 
From these experiments, the authors concluded that the hypo-
cholesterolemic effect of soy protein, as compared with 
casein, in pigs fed high-fat, high-cholesterol diets is 
probably a result of increased fecal steroid excretion (Kim 
et al., 1980), although the relative contributions of changes 
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in cholesterol absorption versus changes in endogenous 
cholesterol excretion have not been determined. 
Forsythe and coworkers (1980) examined the effects of 
dietary protein on plasma cholesterol concentrations and 
cholesterol metabolism in young growing pigs. Pigs fed 
soybean isolate, corn, and wheat as protein sources had 
significantly lower plasma cholesterol concentrations, 
greater LCAT activity, and greater total lipid and 
esterified cholesterol deposition in the thoracic aorta than 
did pigs fed dried skim milk plus casein (Forsythe et al., 
1980). Feeding animal protein, compared to plant protein, 
reduced the ratio of HDL to LDL, and increased the 
concentration, but not the percentage, of cholesterol in 
the HDL (Forsythe et al., 1980). 
Julius et al. (1982) found somewhat lesser cholesterol 
concentrations in plasma, but greater cholesterol deposition 
in livers of young pigs fed formula diets containing 
soy protein isolate than of those fed formula diets con­
taining milk protein. Richard et al. (198 3), on the other 
hand, reported no differences in plasma or lipoprotein 
cholesterol between young pigs fed liquid diets containing 
soy protein isolate or casein; liver cholesterol concen­
tration was increased by the casein diet. Wiggers et al. 
(1980) and Walsh et al. (1983) examined the effects of beef-
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based and soy-based -^iets on blood and tissue cholesterol 
in growing pigs. Protein effects, however, were confounded 
with dietary fat effects in these studies. 
The influence of dietary protein on other aspects of 
lipid metabolism have not been examined extensively. In 
the pig, greater protein intake is usually associated with 
decreased fat deposition in the body (Lee et al., 19 67). 
Increasing the amount of protein in the diet has been 
reported to decrease fatty acid synthesis in adipose tissue 
{Cohen and Teitelbaum, 1966; Leveille, 1967) and livers 
(Masoro et al., 1950; Cohen and Teitelbaum, 1966) of rats, 
livers of chicks (Yeh and Leveille, 196 9) , and adipose 
tissue of pigs (O'Hea et al., 1970; Allee et al., 1971a). 
Dietary carbohydrate was decreased when protein was in­
creased in these studies, which makes interpretation of 
the results difficult. O'Hea et al. (1970) reported that 
production of glyceride-glycerol and ^^COz from 
glucose and acetate also were reduced when dietary 
protein was increased. A high-protein diet decreased the 
activities of glucose-6-phosphate dehydrogenase, 6-phos-
phogluconate dehydrogenase, and NADP-malate dehydrogenase 
when compared with a basal diet. Allee et al. (1971a), 
on the other hand, did not find a consistent effect of 
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amount of dietary protein on CO?, and glyceride-glycerol 
production or on the activities of the pentose pathway 
dehydrogenases and malic enzyme. The apparent inconsistency 
in effects of dietary protein content in these two studies 
probably is a result of differences in protein content 
of the "low" and "high" protein diets in the two studies. 
O'Hea et al. (197 0) increased dietary protein from 12% to 
48% and from 19% to 34% in two different experiments, whereas 
Allee et al. (1971a) fed diets of 12% and 24% protein. 
Romsos and Leveille (1975) discussed several studies 
which indicate that dietary protein and fat depress lipo-
genesis by way of different mechanisms in the chick. Yeh 
and Leveille (1971) concluded that factors other than changes 
in long chain fatty acyl CoA concentrations were involved 
in the inhibition of fatty acid synthesis by increased 
dietary protein. The authors suggest that high protein 
intake may limit the availability of cytoplasmic reducing 
equivalents, which are necessary for fatty acid synthesis, 
perhaps because of greater hepatic gluconeogensis, which 
also requires reducing equivalents. 
The effects of type of dietary protein on other aspects 
of lipid metabolism in pigs and other species have not been 
examined. From a commercial production standpoint, the use 
of significant amounts of animal proteins in swine diets 
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generally is not practical. In the same light, increasing 
dietary protein content above the known requirements for 
swine to decrease fat deposition is not practical 
economically. The influence of dietary protein on lipo­
protein metabolism, endocrine factors and, undoubtedly, 
other metabolic variables certainly would affect lipid 
metabolism in many ways other than those previously 
discussed. 
Dietary intake 
The amount of food ingested affects profoundly 
many aspects of metabolism, including lipid 
metabolism, in humans and other species. The effects of 
restriction of dietary intake, in particular, have been 
examined in numerous studies. The results of experiments 
examining feed restriction are difficult to interpret, 
however, because of many confounding factors including 
the degree of restriction when compared with ad libitum 
intake, the nutrient which is restricted (e.g. calories 
versus protein), the length of the restriction, the period 
during the life span when restriction is enforced (i.e. 
during growth and(or) adulthood), and the species examined. 
Perhaps one of the most exciting and consistent 
results of prolonged food restriction is the extension of 
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life-span, as demonstrated in rats by McCay et al. in 1935. 
Life extension as a result of dietary restriction subsequent­
ly has been observed in a variety of species, but the basic 
biological mechanisms responsible remain a mystery (Barrows 
and Kokkonen, 1982). A number of theories have been 
proposed to explain the life-prolonging effect of food 
restriction. For example, Everitt (1982) postulated that 
decreased secretion of anterior pituitary hormones 
(including, perhaps, a pituitary aging factor) as a result of 
food restriction decelerates aging. Chipalkatti et al. 
(1983) suggested that the beneficial influences of 
decreased food intake on free radical-mediated cell damage 
may underlie the life-prolonging effect. Barrows and 
Kokkonen (1982) discussed several other possible 
mechanisms. 
Masoro and coworkers (1979) also have examined the 
effects of caloric restriction on longevity and on related 
aspects of metabolism, and especially lipid metabolism, in 
rats. The interactions of dietary intake, lipid 
metabolism, and the aging process are reviewed briefly by 
Masoro (1982). As a result of their studies, Masoro and 
colleagues reported that life-prolonging restriction, when 
compared with ad libitum feeding, delays the age-related 
increases in concentrations of serum cholesterol and 
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phospholipids, decreases in serum free fatty acid concen­
trations (Liepa et al., 1980), and loss of responsiveness 
of adipocytes to glucagon- (Bertrand et al., 198 0) and 
epinephrine-promoted (Yu et al., 1980) lipolysis. Food 
restriction also delayed or prevented development of renal 
lesions, interstitial cell tumors of the testes, bile duct 
hyperplasia, myocardial fibrosis, and myocardial degeneration 
(Yu et al., 1982) . The authors conclude that "the life-
prolonging effect of food restriction is associated with a 
marked delay in the occurrence of age-related diseases and 
of age-related changes in physiological functions" (Yu 
et al., 1982). The nature of the basic aging processes that 
are modulated by food restriction remains unclear. 
A number of studies have examined the effects of caloric 
restriction on lipid metabolism in a specific strain of 
rats, designated as the Zucker "Fatty" rat, which carries 
a recessive gene (fa) producing obesity, hyperlipidemia, 
and hyperphagia. Several experiments were designed to 
determine if prevention of hyperphagia by feed restriction 
would prevent genetically-predisposed obesity. Bray et al. 
(1973) and Cleary et al. (1980) reported that prevention of 
hyperphagia did not prevent the development of obesity in 
fa.fa rats. In fact, most of the abnormalities in lipid 
metabolism observed in Fatty rats were not corrected by 
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dietary restriction (Bray et al., 1973; York and Bray, 197 3; 
Cleary et al-, 1980) or fasting (Triscari et al., 1980), and 
restricted Fatty rats maintained their obese body composition 
at the expense of normal growth of other organs and tissues 
(Bray et al., 1973; Cleary and Vasselli, 1981). The studies 
with obese Zucker rats support the hypothesis that obesity 
in the fafa rat is a result of an early irreversible 
alteration in fat metabolism that cannot be alleviated by 
preventing hyperphagia (Cleary et al., 1980). 
Experiments with lean and obese swine found 
differential effects of dietary restriction on body 
composition and adipose cellularity in the two strains of 
pigs (Etherton et al., 1982). Lean pigs fed ad libitum had 
seven-fold greater adipose tissue mass and six-fold greater 
adipocyte number in the carcass than did restricted-fed lean 
pigs. Restriction, however, caused a much smaller decrease 
in adipose tissue mass and no difference in adipocyte 
number in obese pigs. Thus, the obese strain of swine 
resembles the fatty rat in terms of nutrient partitioning 
to lean and fat tissue and the effect, or lack of effect, 
of dietary restriction on nutrient partitioning. 
Effects of dietary restriction on cholesterol metabolism 
and atherosclerosis have been examined in several species. 
Rodbard et al. (1951) found that chicks fed restricted. 
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cholesterol-supplemented diets had somewhat greater concen­
trations of plasma cholesterol and incidence of athero­
sclerosis than did full-fed chicks receiving the same diets. 
Subbiah and Siekert (1979) , on the other hand, reported 
that restricting White Carneau pigeons (which develop 
genetic atherosclerosis) to 40% of ad libitum dietary intake 
resulted in decreased plasma cholesterol concentrations, 
fecal bile acid excretion, and aortic cholesterol deposition. 
The pigeons in the study by Subbiah and Siekert (1979) 
were fed a cholesterol-free diet, in contrast to the chicks 
fed by Rodbard et al. (1951) . Lacombe et al. (1983) 
further demonstrated that the cholesterol content of the 
diet influences the effects of caloric restriction on 
cholesterol metabolism. In the study by Lacombe et al. 
(1983), rabbits fed a cholesterol-free diet at 50% of ad 
libitum intake had only moderate increases in plasma 
cholesterol, while restricted-fed rabbits receiving a 
cholesterol-rich diet had marked hypercholesterolemia 
and a greater degree of atherosclerosis. 
Caloric restriction also has been found to affect 
cholesterol metabolism in humans. Several studies have 
shown decreased plasma cholesterol concentrations following 
food restriction (Kudchodkar et al., 1977; Flanagan et al., 
19 80; Weltman et al., 198 0), while others have found no 
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change in plasma cholesterol (Thompson et al., 1979) or 
a decrease followed by a return to initial concentrations 
(Vaswani, 1983). The effects of restriction on 
concentrations of cholesterol in the lipoprotein fractions 
also are equivocal. Thompson et al. (1979) and Weltman 
et al. (1980) found that caloric restriction decreased HDL-
cholesterol and did not change LDL-cholesterol. Flanagan 
et al. (1980) and Streja et al. (1980) reported greater 
HDL-cholesterol concentrations when dietary intake was 
reduced. Vaswani (198 3) found a biphasic response of HDL-
cholesterol, similar to that of total serum cholesterol, 
during weight reduction by dieting. Vaswani speculated 
that the initial reduction of serum cholesterol was a 
result of decreased cholesterol synthesis, as starvation 
results in inhibition of HMG-CoA reductase. The return 
of serum cholesterol concentrations towards predicting 
values may have been a result of increased cholesterogenesis 
(because of greater availability of precursors such as 
acetate and disinhibition of HMG-CoA reductase) as the body 
adapted to the hypocaloric, ketogenic diet. In summary, the 
effects of caloric restriction on plasma cholesterol in 
humans is dependent on the duration and composition of the 
diet, as well as on the initial plasma lipid concentrations 
and the degree of weight loss in the subjects. 
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The most extreme type of dietary restriction— 
starvation—affects cholesterol metabolism quite differently 
than does less extreme restriction. Studies with humans 
(Ende, 1960), rats (Dietschy and Siperstein, 1967), and 
rabbits (Swaner and Conner, 1975) found elevations of serum 
cholesterol during acute starvation. Swaner and Conner 
(1975) concluded that cholesterol stored in adipose tissue 
is released into the plasma during starvation and is the 
major cause, rather than increased cholesterol synthesis, 
of the hypercholesterolemia accompanying total caloric 
starvation. Dietschy and Siperstein (1967), in fact, 
reported greatly suppressed cholesterogenesis in starved 
rats. In contrast to the results obtained by Swaner and 
Conner (1975), Schaefer et al. (1983) reported that tri­
glycerides, but not cholesterol, were mobilized from adipo­
cytes during weight reduction in human subjects. Swaner 
and Conner (1975) and Illman et al. (1982) found decreased 
excretion of bile acids in feces of starved rabbits and 
rats, respectively. Kudchodkar et al. (1977) also reported 
reductions in fecal bile acid excretion in restricted-fed 
humans. Thus, starvation causes similar changes in some 
aspects of cholesterol metabolism to changes caused by less 
extreme dietary restrictions (i.e. decreased cholestero­
genesis and bile acid excretion), but the effect on plasma 
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cholesterol concentrations is quite different depending on 
the extent of restriction, perhaps because of differences 
in the extent of mobilization of adipocyte cholesterol. 
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SECTION I. EFFECTS OF BEEF, SOY, AND CONVENTIONAL 
DIETS ON GROWTH, BODY COMPOSITION, 
NUTRIENT ABSORPTION, AND PLASMA LIPIDS 
AND UREA OF YOUNG RESTRICTED- OR 
LIBERALLY-FED PIGS 
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ABSTRACT 
Two trials were conducted to examine effects of 
restricted (approximately 65% of ad libitum intake for 8 
weeks) and liberal (approximately 90% of ad libitum intake 
for 7 weeks) feeding of isocaloric, isonitrogenous beef-
based, soy-based, and conventional swine diets on growth, 
nutrient absorption, body composition, selected plasma 
lipids, and plasma urea. Beef and soy diets supplied 40 
to 50% of calories from fat and 0.09% cholesterol; 
conventional diets contained 8 to 9% of calories from fat 
and no cholesterol. In both trials, beef-fed pigs had 
greater average daily gain than did conventionally-fed 
pigs; soy-fed pigs were intermediate. Soy-fed pigs 
absorbed a greater proportion of dietary dry matter, fat, 
and gross energy than did beef- or conventionally-fed pigs 
in both trials; beef-fed pigs had greater absorption of fat 
and gross energy than did conventionally-fed pigs. Fat 
content of the body was greater in soy-fed pigs than in 
beef- or conventionally-fed pigs fed restricted intake and 
greater in soy- and beef-fed pigs than in conventionally-
fed pigs fed liberal intake. These results suggest that 
differences in nutrient absorption were not the sole 
determinants of growth and body composition, and differences 
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in nutrient partitioning caused by diet and intake also 
seem involved. Plasma lipid concentrations were greater 
in soy- and beef-fed pigs than in conventionally-fed pigs; 
some differences between values for beef- and soy-fed pigs 
were noted. Our results further verify the usefulness of 
the pig as a model for study of nutritional effects on 
lipid metabolism in humans because 1) diets similar, in 
some respects, to human diets were compatible with normal 
growth of young pigs and 2) diet-induced changes in plasma 
lipids were consistent with those reported for humans. 
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INTRODUCTION 
The domestic pig (Sus domestical has served for many 
years as a model animal for biomedical research on human 
disease (Dodds, 1982), including atherosclerosis 
(Vesselinovitch, 1979). Physiological, anatomical, 
nutritional, and metabolic similarities between the pig 
and the human make the pig attractive as a model animal 
for the study of atherogenesis. Skold and Getty (1961) 
found that pigs as young as one year of age had spon­
taneously-developed atherosclerotic lesions in aortas and 
ileal and coronary arteries that were similar to those in 
humans. Atherogenesis in swine can be accelerated by 
dietary manipulation, especially by feeding diets containing 
high concentrations of fat and(or) cholesterol (Rowsell 
et al., 1960; Florentin et al., 1968; Reitman et al., 1982). 
Advanced atherosclerosis and myocardial infarction also 
have been produced in pigs by a combination of an athero­
genic diet and endothelial injury (Daoud et al., 1976) or 
x-irradiation (Lee et al., 1970). 
The pig also is a useful model for the study of 
adipose tissue development and obesity in humans. Pigs 
have adipocyte sizes and body fat distribution similar to 
those of humans (Houpt et al., 1979). Genetic strains of 
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lean and obese swine have been developed to facilitate 
the study of adipose tissue development (Hetzer and Harvey, 
1967), and much work has been done examining differences 
in growth, development, and metabolism of lean and obese 
animals (Etherton et al., 1982; Mersmann et al., 1984). 
The effects of nutrition and other factors on lipid 
metabolism in conventional pigs also have been studied 
extensively because of the significant roles that growth 
and body composition play in commercial pork production. 
We have examined the effects of diets similar to those 
consumed by humans on growth and cholesterol deposition in 
young pigs (Julius et al., 1982; Richard et al., 1983; 
Walsh et al., 1983). The present study was designed to 
further evaluate the suitability of the pig as a model for 
the study of human nutrition and lipid metabolism. The 
isocaloric, isonitrogenous diets used in this study 
included conventional low-fat, corn-soy diets; beef-based 
diets in which ground beef provided the majority of the 
dietary protein and fat; and soy-based diets that contained 
soy protein isolate and soybean oil as the major sources 
of dietary protein and fat, respectively. The beef and 
soy diets resemble human diets in the U.S. in terms of the 
contributions of fat (40 to 50%), protein (20%), and 
carbohydrates (30 to 40%) to total caloric intake. They 
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contained approximately 0.09% cholesterol on a dry matter 
basis, which is about five times the average human intake 
(per kilogram body weight) in the U.S., and yet is much 
lower than amounts fed to research animals in many 
atherogenic diets (Rowsell et al., 1960; Florentin et al., 
1968; Reitman et al., 1982). The study included two 
separate feeding trials to examine the differential effects 
of the three experimental diets at two degrees of dietary 
intake restriction (approximately 65% and 90% of ad libitum 
intake). Degree of dietary restriction has been found to 
significantly affect lipid metabolism and atherogenesis 
(Kudchodkar et al., 1977; Liepa et al., 1980; Etherton 
et al., 1982; Lacombe et al., 1983). The specific 
objectives of this study were to determine the apparent 
absorption by pigs of nutrients in conventional swine 
diets versus more human-type beef- and soy-based diets and 
to determine the effects of these diets on body weight 
gain, body composition, and plasma lipid and urea nitrogen 
concentrations. 
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MATERIALS AND METHODS 
Animals 
Twenty-one crossbred, castrated male pigs from 
seven litters, with three pigs from each litter, were 
used in each of two separate feeding trials. In both 
feeding trials, littermates were assigned randomly to 
conventional, soy-based, and beef-based diets, with 
seven pigs per dietary treatment. In the first feeding 
trial, pigs were fed at approximately 65% of ad libitum 
intake (restricted intake). Pigs in the second trial 
were fed at approximately 90% of ad libitum intake 
(liberal intake). The pigs were housed in a well-
ventilated, heated barn in individual wire pens on 
expanded steel platforms. Water was available ad libitum 
through automatic nipple waterers. 
In the first feeding trial, pigs were fed the 
experimental diets for 61±3 (mean ± standard deviation) 
days, from an average of 28 days of age to 89 days of 
age. In the second feeding trial, diets were fed for 
51±3 days, from an average age of 44 days to an average 
age of 59 days. 
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Diets 
Ingredients of the experimental diets are shown in 
Table 1. In both feeding trials, the conventional diet 
contained soybean meal as a source of protein. Soy protein 
isolate and soybean oil contributed the major portion of 
the protein and fat, respectively, in the soy diets. The 
major source of protein and fat in the beef diets was ground 
beef, which was 20% fat and 80% lean on an as-fed basis. The 
polyunsaturated to saturated fat ratio was calculated to be 
approximately 3.9 for the soy and 0.4 for the beef diets. 
The bulk of all diets consisted of ground shelled 
corn. In the first feeding trial, dried egg yolk was added 
to the beef and soy diets so that total cholesterol intake 
of pigs fed those two diets was 30 mg per kg body weight 
daily. In the second feeding trial, the soy diet was 
supplemented with dried egg yolk so that cholesterol intake 
of pigs fed the soy diet was equivalent to that of beef-
fed pigs (40 mg per kg body weight daily). All diets were 
supplemented with vitamins and minerals to meet or exceed 
recommendations of the National Research Council (1979) for 
growing swine weighing 10-20 kg. The amino acids lysine 
and methionine, which are first-limiting in corn-soy diets, 
were added to the soy and conventional diets in the first 
Table 1. Ingredient composition of diets 
Restricted intake Liberal intake 
Ingredient Conv^ Soy Beef Conv Soy Beef 
% of dry matter 
Ground shelled corn 75.69 60.06 60.94 69.60 42.89 41.20 
Soybean meal^ 20.00 — 26 .30 —  —  
Soy protein isolate*^ — —  15.00 - - — 23. 20 
Soybean oil^ 17.00 —  —  24 .00 —  —  
Ground beef® 33.00 — — 51.60 
f Dried egg yolk 2.70 1.00 2.80 — 
Dicalcium phosphate^ 1.20 1.70 1.90 1.10 2.40 2.80 
Calcium carbonate^ 1.00 1.20 1.30 1.00 1.00 1.00 
Trace mineral salt^ .56 .68 .72 .56 .75 .78 
Trace mineral premix^ —  • - .05 .07 .07 
Selenium premix .05 .10 .10 
Potassium chloride —  —  .42 — 
Vitamin premix^ .22 .27 .28 .56 1.50 1.56 
Lysine-HCl .45 .45 — — 
DL-methionine .10 .10 — — 
Aureo SP 250*^"^ . 28 .34 .36 .28 .37 .39 
Chromic oxide -50 .50 .50 .50 .50 .50 
^Conv = conventional. 
^Solvent extracted, 44.0% protein (as-fed basis). 
^Supro 620, Ralston Purina Co., St. Louis, MO. 
^Edsoy, Staley Mfg. Co., Decatur, IL, donated through the courtesy of K. 
Wright. 
^In the restricted diet, ground beef was obtained from Iowa Quality Meats 
Ltd., Ames, lA; in the liberal diet, ground beef was obtained from Carriage House 
Meat and Provision Co., Inc., Ames, lA. 
^Oskaloosa Food Production Corp., Oskaloosa, lA. 
^DycAlden Phosphate, Iowa Limestone Co., Des Moines, lA. Guaranteed analysis: 
phosphorus, not less than 18.50%; calcium, not more than 23.00% and not less than 
19.00%; fluorine, not more than 0.185%. 
^Fre-flow Alden Ground Limestone, Iowa Limestone Co., Des Moines, lA. 
Guaranteed analysis: calcium carbonate, not less than 98.00%; calcium, not more 
than 39.60% and not less than 39.20%. 
Hardy Trace Mineral Salt, Hardy Salt Co., St. Louis, MO. Guaranteed 
analysis: zinc, not less than 0.350%; manganese, not less than 0.200%; iron, not 
less than 0.200%; copper, not less than 0.030%; cobalt, not less than 0.005%; 
iodine, not less than 0.007%; salt, not less than 96.00% and not more than 
98.50%. Ingredients: sodium chloride, zinc oxide, manganous oxide, ferrous 
carbonate, ferrous sulfate, copper oxide, calcium iodate, cobalt carbonate, red 
iron oxide (for color only), mineral oil, and anethol. 
^CCC Swine Trace Mineral Premix, Iowa State University Swine Nutrition Group, 
Ames, lA. Contains 20% zinc, 10% iron, 5.5% manganese, 1.1% copper, and 0.15% 
iodine. Ingredients: zince sulfate, ferrous sulfate, manganese oxide, iron 
oxide (color), copper oxide, calcium iodate, and calcium sulfate. 
Iowa State University Swine Nutrition Group, Ames, lA. Provides .1 ppm 
selenium when added at .05% of the diet. 
^In the restricted diet, Super Vitamin Premix, Iowa State University Swine 
Nutrition Group, Ames, lA, was fed. Contains 1.0 million lU vitamin A, 0.25 
million lU vitamin Dg, 1.5 g riboflavin, 4.0 g d-pantothenic acid, 7.5 g niacin, 
5.0 mg vitamin Biz, and 0.1 g ethoxyquin per lb. In the liberal diet, BP Feeds 
Stress Mate, Protein Blenders, Inc., Iowa City, lA, was fed. Guaranteed analysis 
(per lb): 500,000 USP units vitamin A, 100,000 USP units vitamin D3, 500 lU 
vitamin E, 4 mg vitamin B12, 1500 mg D-calcium pantothenic acid, 500 mg riboflavin, 
3000 mg niacin, 30,000 mg choline chloride, 400 mg vitamin K (MSBC), 20 mg folic 
acid, 1 mg biotin, 11,340 mg L-lysine, 226 mg iodine, 100 mg thiamine, 100 mg 
pyridoxine, 952 5 mg DL-methionine. Ingredients; Vitamin A acetate, D-activated 
animal sterol (source of vitamin D3), dl-alpha tocopherol acetate (source of 
vitamin E), vitamin B12 supplement, riboflavin supplement, D-calcium pantothenic 
acid, niacin, choline chloride, menadione sodium bisulfite complex, folic acid, 
biotin, L-lysine, ethylene diamine dihydriodide, thiamine mononitrate, pyridoxine 
HCL, DL-methionine, inositol, manganous oxide, iron sulfate, magnesium oxide, iron 
carbonate, copper oxide, cobalt carbonate, zinc oxide, sulfur, calcium carbonate, 
dried extracted Streptomyces fermentation residue, corn distillers dried grains, 
corn distillers dried solubles, condensed fermented corn extractives, condensed 
whey solubles, roughage products and mineral oil. 
'"American Cyanamid Co., Wayne, NJ. Contains chlortetracycline calcium 
complex equivalent to 20 g chlortetracycline hydrochloride, 4.4% Sulmet® 
sulfamethazine, and 10 g/lb penicillin (from procaine penicillin). Ingredients 
dried Streptomyces aureofaciens fermentation product, calcium carbonate, and 
calcium sulfate. 
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trial to equal amounts fed in the beef diet. Amino acid 
supplementation was not deemed necessary in the second 
feeding trial because total protein intake was greater than 
in the first trial. All diets were supplemented with the 
antibiotic Aureo SP 250®. Chromic oxide was added to all 
diets at 0.5% as a marker for determination of fecal output. 
Daily intake and nutrient composition of diets are 
given in Table 2. Samples of diets collected weekly were 
lyophilized and then stored at -20°C until analyzed. Gross 
energy of the diets was determined by bomb calorimetry 
(Parr Oxygen Bomb Calorimeter Model 1231, Parr Instrument 
Co., Inc., Moline, IL). Protein content of feed samples 
was determined by the Kjeldahl method (N x 6.25; Association 
of Official Analytical Chemists, 1975) . Total fat content 
was determined gravimetrically after extraction with 
1:2:0.8 (v:v:v) chloroformrmethanolcwater (Bligh and Dyer, 
1959). An aliquot of the extract was evaporated to dryness 
under N2 and then dissolved in isopropanol for enzymatic 
quantification of cholesterol (Centrifichem Test for 
quantitative determination of cholesterol using cholesterol 
esterase, cholesterol oxidase, and peroxidase. Union 
Carbide Corp., Rye, NY; Allain et al., 1974). Chromium 
concentration was determined by atomic absorption 
Table 2. Intake and nutrient composition of diets 
Restricted intake Liberal intake 
Component Conv^ soy Beef Conv Soy Beef 
Intake, g DM^/kg-day 
Gross energy, kcal/kg DM 
Protein, % of DM 
Fat, % of DM 
Cholesterol, mg/g DM 
4 5  
4160 
17.2 
3.8 
0 . 0 0  
37 
5090 
21.1 
18.6 
0.84 
35 
5340 
22.3 
18.9 
0.89 
65 
4060 
19.3 
2.9 
0 . 0 0  
48 
5530 
25.7 
2 8 . 0  
0.87 
45 
5920 
27.8 
29.7 
0.90 
^Conv = conventional. 
^DM = dry matter. 
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spectroscopy (Perkin-Elmer 460 Atomic Absorption Spec­
trometer, Perkin-Elmer Corp., Norwalk, CT) after digestion 
by nitric and perchloric acid (Johnson and Ulrich, 1959). 
In both feeding trials, the beef and soy diets had 
greater caloric densities than did the conventional diets 
because of their greater fat contents (Table 2). Thus, 
dry matter intake (per kg body weight daily) and protein 
content of the diets were adjusted in each trial so that 
the three diets were isocaloric and isonitrogenous as fed 
to littermate triplets. Fat and cholesterol contents of 
the beef and soy diets were balanced in each trial so that 
littermates fed these two diets consumed equal amounts. 
The conventional diet contained little fat and essentially 
no cholesterol. Each week, pigs were weighed, and feed 
intakes were adjusted. Feed intakes of littermate triplets 
were based on the weight of the smallest littermate. In 
both studies, the daily diet allotments were fed in two 
equal feedings, in the morning and evening. 
Plasma, Fecal, and Tissue Analyses 
Before initial feeding of the experimental diets and 
at the end of the two trials, blood samples were collected 
from the retroorbital sinus (Riley, 1960) 4 to 8 hours 
postfeeding. Disodium ethylenediaminetetraacetate (EDTA) 
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(15 mg/lO ml blood) served as an anticoagulant. Plasma 
was recovered by centrifugation at 7700 x g for 20 minutes 
at 4°C (Sorvall RC2-B, Ivan Sorvall, Inc., Norwalk, CT) and 
was stored at -20°C. Enzymatic assays were used to 
quantify concentrations of plasma cholesterol (Allain et 
al., 1974), free fatty acids (Shimizu et al., 1979), and 
triglycerides (Sigma procedure for quantitative, enzymatic 
determination of triglycerides, Sigma Diagnostics, St. 
Louis, MO; Bucolo and David, 1973). Plasma urea nitrogen 
was determined colorimetrically (Sigma procedure for 
quantitative determination of urea nitrogen, Sigma 
Diagnostics, St. Louis, MO; Fawcett and Scott, 1960; 
Chaney and Marback, 196 2) . 
During the eighth week of the first feeding trial and 
the seventh week of the second trial, fecal samples were 
collected for five days and then were pooled for each pig. 
Fecal samples were frozen at -20°C and, at a later date, 
were lyophilized and ground to a fine powder in a Waring 
blender. Total fat content of fecal samples was determined 
gravimetrically by extraction with 1:2:0,8 (v:v:v) 
chloroform:methanol:water (Bligh and Dyer, 1959) after 
conversion of fatty acid salts to protonated fatty acids 
with 8 N HCl (Association of Official Analytical Chemists, 
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1975). Ash content was determined by combustion of fecal 
samples for 8 hours at 500°C in a muffle oven (Association 
of Official Analytical Chemists, 1975). Protein, gross 
energy, and chromium contents of fecal samples were 
quantified in the same manner as for diet samples. 
After the pigs had been fed the experimental diets for 
at least 8 weeks in the first trial and 7 weeks in the 
second trial, they were stunned by electric shock and then 
killed by exsanguination. Carcasses were eviscerated, and 
the viscera were flushed with water. Carcasses and viscera 
were frozen, ground (Hobart Model 4046 mixer-grinder, 
Hobart Manufacturing Co. , Troy, OH), and sampled. Tissue 
samples were lyophilized and stored at -20°C until 
analyzed. Fat, protein, and ash contents of the tissue 
were determined as described for diet and fecal samples. 
Statistical Analyses 
The design of each feeding trial was a randomized 
complete block design, with dietary treatment serving as 
the main effect and litter serving as the block. Data 
were analyzed by analysis of variance (Snedecor and Cochran, 
1967) and Duncan's multiple range test (Duncan, 1955) by 
using the Statistical Analysis System (SAS, 1982). 
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RESULTS 
In both feeding trials, all pigs adjusted quickly to 
the experimental diets and readily consumed all of the feed 
that was offered. Several pigs showed signs of diarrhea 
during the first week of each feeding trial; they recovered 
within a few days after treatment with Spectinomycin^ (2 ml 
twice each day) and were in good health throughout the 
remainder of the experiment. 
In each trial, initial body weights and growth curves 
were similar for beef-, soy-, and conventionally-fed pigs 
(Figures 1 and 2). Pigs receiving the liberal intake of the 
beef diet had a significantly greater final body weight than 
did pigs fed the liberal intake of the conventional diet 
(Figure 2, Table 3); liberal feeding of the soy diet resulted 
in intermediate final body weights that did not differ 
significantly from those of beef- or conventionally-fed pigs. 
Restricted feeding of the beef diet also tended to increase 
final body weight when compared with the soy and conventional 
diets (Figure 1); the difference, however, was not 
statistically significant (P>.05). Consumption of the beef 
diets resulted in significantly greater average daily gain 
than did consumption of the conventional diets with both 
^Diamond Laboratories, Inc., Des Moines, lA. 
Figure 1. Mean body weights for pigs fed restricted intakes of 
beef, soy, and conventional (conv) diets. Pooled SEM 
is indicated by vertical bar on x-axis at each sampling 
time. Each dietary group contains 7 pigs. 
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Figure 2. Mean body weights for pigs fed liberal intakes of 
beef, soy, and conventional (conv) diets. Pooled 
SEM is indicated by vertical bar on x-axis at each 
sampling time. Each dietary group contains 7 pigs. 
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Table 3. Effect of diet on growth of young pigs-
Initial Final Average 
Diet weight. weight daily gain 
kg kg 9 
Restricted intake 
Conv^ 6.4® + 0.7 17.4® + 2.5 179® + 32 
Soy 6.2® + 0.5 17.4® + 2.8 183®b + 39 
Beef 6.3® + 0.9 18.8® + 2.8 204^ + 36 
Liberal intake 
Conv 7.6® + 0.4 36.4® + 2.6 554® + 36 
Soy 8.0® + 0.8 37.8® b  ±  2.8 580®^ ±  3 8  
Beef 7.4® + 0.3 39.1^ + 3.0 612^ + 46 
^Values are means ± SEM for 7 pigs. 
^Conv = conventional. 
^'^Means in the same column within a given dietary 
regimen bearing different superscripts differ (P<.05). 
the restricted and the liberal feeding regimens (Table 3). 
In both feeding trials, soy-fed pigs had rates of gain 
between and not significantly different from those of beef-
and conventionally-fed pigs. Average daily gain was three­
fold higher in the liberally-fed pigs than in the restricted-
fed pigs. 
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Dietary treatment significantly influenced the amount 
and composition of feces under the restricted and the 
liberal feeding regimens (Table 4). In both feeding trials, 
conventionally-fed pigs excreted greater amounts of dry 
matter, protein, and ash than did soy- or beef-fed pigs. 
Fecal excretion of fat was greatest in beef-fed pigs in both 
feeding trials; fat excretion did not differ significantly 
between conventionally-fed and soy-fed pigs in either trial. 
Energy content of the feces was significantly greater with 
the conventional and beef diets than with the soy diet under 
both feeding regimens, and was significantly greater with 
the conventional diet than with the beef diet when fed at 
the more liberal intake. Excretion of dry matter, fat, 
protein, ash, and gross energy were approximately two 
to three times greater with the liberal intake than with 
the restricted intake of the diets. 
Apparent absorption of dry matter and fat was greatest 
in soy-fed pigs in both feeding trials (Table 5). Apparent 
absorption of gross energy (i.e. percent digestible 
energy) also was significantly greater in soy-fed than in 
conventionally- or beef-fed pigs with both liberal and 
restricted intake. Beef-fed pigs had absorption 
coefficients that were between those of soy- and 
Table A .  Effect of diet on amount and composition of feces of young pigs^ 
Dry Gross 
Diet matter Fat Protein Ash energy 
kcal/day -g/day- -
Restricted intake 
Conventional 122. 5^±20 .3 17 3.4 30. 7^± 5 .2 19 .9^±3. 0 550.4^+ 91. 2 
Soy 68. 7^± 7 .1 13 .3^ + 1.7 17. 9^± 2 .3 12 .4^+1. 2 336.1^± 31. 6 
Beef 85. 2^+14 .7 24 .3^ ± 5.1 20. 8^± 3 .4 14 .0^+1. 9 460.5^± 82. 8 
Liberal intake 
Conventional 348 . 7^ + 42 . !5 44 .6^ ± 5.3 90. 7^ + 11 .0 51 .6^+5. 9 1561.7^+190. 0 
Soy 206. 3^+24 .7 54 .7^ ± 5.0 46. 2^± 6 .0 38 .8^+4. 4 1053.4^1115. 9 
Beef 219. 4^+26 .4 88 .1^ ±13.2 34. 1^± 3 .9 35 .3^+4. 3 1275.3^1156. 4 
^Values are means ± SEM for 7 pigs. 
^'^'^Means in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
Table 5. Effect of diet on apparent absorption of dry matter, fat, protein, and 
energy! 
Diet 
Dry 
matter Fat Protein 
Gross 
energy 
•% apparent absorption-
Restricted intake 
Conventional 
Soy 
Beef 
Liberal intake 
Conventional 
Soy 
Beef 
79.9" +0.8 
85.4" ±1.2 
8 2 . 6 ^ ^ + 0 . 6  
79.4" ±0.6 
83.3" ±0.7 
81.0 ±0.6 
24.1"±5.1 
84.7^+2.6 
74.1°±2.0 
8,4^±2.6 
82.3^+1.2 
74.5^+2.0 
74.3^+1.4 
86.2"±1.2 
85.7"+0.4 
74.6+0.8 
87.4^+0.8 
89.3 ±0.3 
78.4°±0.9 
86.2"±1.3 
82.5^+0.8 
77.2"±0.7 
84.4"±0.7 
81.3^±0.7 
^Values are means ± SEM for 7 pigs. 
a/b,CMeans in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
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conventionally-fed pigs for dry matter, fat, and energy 
in both feeding trials. Protein absorption was similar in 
soy- and beef-fed pigs and significantly less in conven­
tionally-fed pigs at both levels of feed intake. Absorption 
coefficients for all of the measured nutrients were very 
similar between restricted and liberally-fed pigs receiving 
a given diet, with the exception of the coefficient for 
fat absorption in conventionally-fed pigs, which varied 
from 24.1% with restricted feeding to 8.4% with liberal 
feeding. 
Type of diet significantly altered body composition of 
the pigs in both feeding trials (Table 6). Soy-fed pigs had 
a significantly greater percentage of fat in the body than 
did beef- or conventionally-fed pigs receiving restricted 
dietary intake. Water, protein, and ash percentages did 
not differ between dietary treatments in the restricted 
animals. With more liberal feed intakes, both soy- and 
beef-fed pigs had greater fat content and lower water 
content in the body than did conventionally-fed pigs. Beef-
fed pigs had significantly more body ash when fed a liberal 
intake than did conventionally-fed pigs, with soy-fed 
pigs not different from the other dietary groups. Beef-fed 
pigs also tended to have greater body ash when intake was 
Table 6. Effect of diet on body composition of young pigs^ 
Diet Water Fat Protein Ash 
Restricted intake 
Conventional 73.2^+1.0 5.4^±0.8 17.9^+0.2 2.7^ ±0.1 
Soy 71.7^1.7 7.1^+1.5 17.6^+0.4 2.6^ ±0.2 
Beef 72.8^+1.2 5.5^±1.2 17.0^+0.3 2.9^ ±0.1 
Liberal intake 
Conventional 64.0^+0.7 13.5^±1.0 16.6^+0.2 2.5^ ±0.1 
Soy 59.2^+1.7 17.0^±1.1 16.6^+0.3 2.8^^+0.2 
Beef 5 9 . 7 ^ + 0 . 9  18.1^±1.3 16.8^+0.3 3.3^ ±0.2 
^Values are means ± SEM for 7 pigs. 
^'^Means in the 
superscripts differ 
same column within 
(P<.05). 
a given dietary regimen bearing different 
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restricted. Protein percentage in the body was not affected 
by diet in the second feeding trial also. 
Pigs fed the beef and soy diets had greater plasma 
lipid concentrations than did conventionally-fed pigs in 
both feeding trials (Table 7). When allowed liberal dietary 
intakes, soy-fed pigs had significantly greater concentra­
tions of free fatty acids in the final plasma samples than 
did beef- or conventionally-fed pigs, and beef-fed pigs, 
in turn, had greater concentrations than did conventionally-
fed pigs. The same trend was observed under the restricted 
feeding regimen, but differences were not statistically 
significant (P>.05). 
In both feeding trials, beef-fed pigs had significantly 
greater concentrations of triglycerides, cholesterol, and 
urea nitrogen in the final plasma samples than did 
conventionally-fed pigs. Final plasma samples of soy-fed 
pigs also had significantly greater triglyceride and urea 
nitrogen concentrations in the liberal intake trial and 
greater cholesterol concentrations in both trials than did 
plasma of conventionally-fed pigs. When fed the restricted 
soy diet, pigs had intermediate plasma triglyceride con­
centrations that did not differ statistically from those of 
pigs fed the restricted conventional or beef diets. Final 
Table 7. Effect of diet on plasma lipids and urea nitrogen of young pigs^ 
Free fatty acids Triglycerides Cholesterol Urea nitrogen 
Diet Initial Final Initial Final Initial Final Initial Final 
yM mg/dl 
Restricted intake 
Conventional 237*±18 112^+30 54^±8 72^ + 9 76^ + 3 70^ + 5 14^ + 1 15^±2 
Soy 245^±27 281^+93 50^±4 114^^+19 68^ + 4 93^±8 13^+1 17^±3 
Beef 269^+21 223^+59% 46^±5 146^ ±20% 70^±6 92^+9 12^ + 2 26^+4 
Lberal intake 
Conventional 325^+33^ 196^+31 53^±8 69^ ± 8 61^+7 75^±3 12^+1 15^+1 
Soy 384^^ + 49 482^+41 55^ + 9 106^ ±11 66^ + 8 96^+2 13^ + 1 20^+2 
Beef 357^+38^ 359°±40 50®±6 109^ + 19 61^±5 122^+8 13^±1 19^±1 
^Values are means ± SEM for 7 pigs, unless indicated otherwise. 
^n = 6. 
â/b^Cj^eans in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
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plasma cholesterol concentrations did not differ between 
beef- and soy-fed pigs fed restricted diets. Soy-fed pigs, 
however, had significantly lower plasma cholesterol concen­
trations than did beef-fed pigs under the more liberal 
feeding regimen. Both plasma triglyceride and plasma urea 
nitrogen concentrations were similar in pigs fed liberal 
intakes of the soy and beef diets. Plasma urea nitrogen was 
significantly lower in both conventionally- and soy-fed pigs 
than in beef-fed pigs receiving restricted dietary intake. 
None of the variables examined in the initial plasma 
samples differed significantly between the dietary groups 
under either dietary regimen. 
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DISCUSSION 
Growth rates of pigs in both feeding trials (Figures 1 
and 2, Table 3), and especially of pigs fed the more 
restricted diets (Figure 1, Table 3), were less than 
maximal because of the restriction in feed intake. In 
the first feeding trial, pigs began receiving the experi­
mental diets within a week following weaning and adjusted 
to the diets, as well as the stress of being handled and 
being penned individually, more slowly than did the pigs in 
the second trial, which were somewhat older and heavier at 
the outset of the trial. Consequently, the greater rates of 
gain in the more liberally-fed pigs probably are not 
entirely a result of their greater feed intake, but also, 
in part, a result of their greater age and weight and more 
rapid adjustment at the beginning of the study. Although 
all of the pigs used in the two studies were contemporary, 
commercial-type crossbreds, the pigs for each trial were 
purchased from different sources; thus, a difference in 
genetic background also may have influenced differences 
between the two trials. 
Earlier studies found equivocal effects of increased 
dietary fat on growth rates of young pigs (Eusebio et al., 
1965; Sewell and Miller, 1965; Frobish et al., 1969, 1970; 
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O'Hea et al., 1970; Allee et al., 1971a, 1971b, 1971c, 1972; 
Wolfe et al., 1977). In a study by Walsh et al. (1983), 
young pigs were fed from 5 to 14 weeks of age either beef-
based or soy-based diets similar to those fed in the present 
study. Dietary intake and average daily gain of pigs in 
the study by Walsh and colleagues were both intermediate 
between those of pigs in the restricted and in the more 
liberal feeding trials in this study (Table 3). In the 
study conducted by Walsh and coworkers, beef-fed pigs had 
significantly greater rates of gain than did soy-fed pigs 
receiving isocaloric diets. Pigs fed the beef-based diets 
had the greatest rates of gain in both feeding trials in 
this study (Table 3), also, although the average daily 
gain of beef-fed pigs was not significantly greater than 
that of soy-fed pigs in either trial. In both feeding 
trials, the conventionally-fed pigs had the lowest rates of 
gain, illustrating that the young, growing pig can grow 
and develop at least as well when fed high-fat diets similar 
to those consumed by humans as when fed typical, low-fat 
swine rations. 
Differences in growth rate observed among pigs fed the 
different diets may be partially a result of differences in 
apparent absorption of dietary nutrients (Table 5) and, thus. 
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in fecal composition (Table 4). Conventionally-fed 
pigs excreted more dry matter per day (Table 4) in both 
trials because of the greater fiber content of their diet, 
as well as greater daily dry matter intake of the less 
caloric-dense diet. Apparent absorption of dry matter 
(Table 5), however, was not different for pigs fed the 
conventional and the beef diets in either trial. Greater 
apparent absorption of protein, fat, and gross energy in 
beef-fed pigs than in conventionally-fed pigs (Table 5) 
probably accounts for the greater weight gain in the beef-
fed pigs under both feeding regimens (Table 3). In both 
feeding trials, however, soy-fed pigs had even greater 
absorption of dry matter, fat, and energy than did beef-
fed pigs (Table 5), but had somewhat lower rates of body 
weight gain (Table 3). Thus, differences in nutrient 
absorption do not fully account for differences in growth 
rates of pigs fed the three diets in these two trials. 
Composition of dietary fat significantly affects 
fat absorption in several species, including pigs (Lloyd 
and Crampton, 1957; Sewell and Miller, 1955; Frobish et al., 
1970), rats (Cheng et al., 1949; Mattson et al., 1979; 
Green and Green, 1983), and humans (Barnes et al., 1974). 
Most studies have demonstrated more complete absorption of 
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polyunsaturated fatty acids than of saturated fatty acids, 
perhaps because of differences in physical state of the 
fatty acids at body temperature (Ockner et al., 1972). 
In both feeding trials of the present study, pigs fed 
the more polyunsaturated soy oil in the soy diets absorbed 
a greater percentage of the dietary fat than did pigs fed 
the more saturated tallow present in the beef diets (Table 
5). Apparent absorption of fat from the conventional 
diets was quite low because of a greater proportional 
contribution of endogenous fat to total fat excretion. 
Similar results were reported by Eusebio et al. (1965) 
and Frobish et al. (1970). 
In pigs, greater dietary fat intake generally results 
in greater fat deposition (Allee et al., 1971a, 1971c). 
Lipogenesis is suppressed when pigs are fed increasing 
amounts of fat in the diet (O'Kea et al., 1970; Allee et 
al., 1971a, 1971b, 1971c, 1972) and, hence, the deposited 
fat is derived largely from dietary fat. In both trials 
in this study, pigs fed soy diets that contained 40 to 50% 
of calories from fat deposited significantly more fat in 
the body than did pigs fed isocaloric conventional diets 
in which fat contributed only 8 to 9% of caloric intake 
(Table 6). When allowed liberal intake, pigs fed high-fat 
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beef diets also deposited more fat than did conventionally-
fed pigs. When intake was more severely restricted, 
however, fat concentration was similar in bodies of beef-
and conventionally-fed pigs (Table 6) . 
In both our restricted feeding trial and in the study 
by Walsh et al. (1983), soy-fed pigs deposited m o r e  f a t  
in the body than did beef-fed pigs receiving isocaloric 
diets (Table 6). Because the soy-fed pigs in these two 
studies deposited more of their dietary calories as energy-
dense fat than did beef-fed pigs, they gained weight at a 
somewhat slower rate (Table 3). The greater fat deposition 
of restricted soy-fed pigs may be related to greater apparent 
absorption of dietary fat in these animals (Table 5). Soy-
fed pigs on the liberal feeding regimen, however, did not 
contain more fat in the body than did beef-fed pigs (Table 
6) even though fat absorption was greater in soy-fed pigs 
(Table 5). 
Protein and amino acid concentrations in the diet also 
influence body composition (Just, 1984) . Studies have 
demonstrated that the protein requirement of the young pig 
varies with the caloric density of the diet (Sewell et 
al., 1953; Becker et al., 1954; Manners and McCrea, 1962, 
1963). Walsh et al. (1983) speculated that an amino acid 
imbalance (i.e. relative deficiency of lysine and 
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methionine in the energy-dense soy diet) may have influenced 
body composition of pigs in their study. In both of the 
present trials, the three diets were isonitrogenous as 
fed to littermate triplets (Table 2). In the restricted, 
but not the more liberal, feeding trial, lysine and 
methionine were added to the soy and conventional diets to 
provide intakes equivalent to those in the beef diet 
(Table 1). Fat deposition, however, was greater in 
soy- than beef-fed pigs (Table 6), as also was reported by 
Walsh et al. (1983), which indicates that greater fat 
deposition in soy-fed pigs was not a result of lysine or 
methionine deficiency. Feeding more liberal intakes of 
beef and soy diets resulted in similar percentages of 
body fat in the second feeding trial (Table 6), which 
suggests that degree of feed restriction influences the 
effects of beef versus soy diets on body composition. 
Etherton et al. (198 2) reported that nutrient partitioning 
into adipose and muscle tissues was different in lean and 
obese strains of pigs in response to dietary restriction; 
type of dietary protein and(or) fat also may influence 
nutrient partitioning in the growing pig under different 
degrees of dietary restriction. 
The percentage of water in bodies of young pigs was 
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influenced by fat content of the animal (Table 5); the 
greater fat percentage in bodies of beef- and soy-fed pigs 
in the second feeding trial resulted in a greater percent 
dry matter and thus a lesser percent water in these 
animals. The beef diet produced a greater ash percentage 
in pigs fed the liberal and, to a lesser extent, the 
restricted intake (Table 6). The reason for the difference 
in body ash is not apparent. In a study by Julius et al. 
(198 2) in which young pigs were fed either milk protein- or 
soy protein-based infant formulas, pigs receiving the soy-
based formulas also had significantly less ash percentage 
in the body and calcium percentage in dry, fat-free 
bone than did pigs fed milk-based formulas. 
Protein percentage in the body was not significantly 
influenced by diet in either feeding trial (Table 6). 
Beef-fed pigs deposited more total protein in the body 
than did conventionally-fed pigs in both trials, however, 
because the beef-fed pigs were significantly larger. Plasma 
urea nitrogen concentrations also were significantly 
greater in beef-fed pigs than in conventionally-fed pigs 
in both trials (Table 7), which indicates that pigs fed 
the beef diets were able to utilize more dietary amino acids 
for energy than were pigs fed the corn and soy proteins 
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present in the conventional diet. The beef-fed pigs also 
had greater apparent absorption of dietary protein than did 
conventionally-fed pigs (Table 5). When fed liberal diets, 
beef- and soy-fed pigs had similar protein absorption 
coefficients (Table 5), plasma urea nitrogen concentrations 
(Table 7), and body fat percentages (Table 6). With a 
more restricted intake, however, beef-fed pigs had greater 
plasma urea nitrogen (Table 7) and less body fat (Table 6) 
than did soy-fed pigs, although protein absorption did 
not differ (Table 5). These data reinforce the hypothesis 
that nutrient partitioning during growth may be affected by 
an interaction between degree of dietary restriction and 
type of dietary protein and(or) fat. 
The responses of plasma lipid concentrations to dietary 
manipulations are of major importance in determining the 
suitability of a given animal model for studying lipid 
metabolism in humans. In both feeding trials, plasma free 
fatty acid, triglyceride, and cholesterol concentrations 
were greater in pigs fed the high-fat beef and soy diets 
than in pigs fed the low-fat conventional diets (Table 7). 
Free fatty acid concentrations were greatest in soy-fed 
pigs and intermediate in beef-fed pigs in both feeding 
trials, although the differences were not statistically 
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significant under the restricted feeding regimen (Table 7). 
Woollett et al. (1984) reported that hormone-sensitive 
lipase activity of subcutaneous adipose tissue was greater 
in soy-fed than beef- or conventionally-fed pigs in the 
liberal feeding trial. Consequently, this enzyme may be 
releasing more free fatty acids into the plasma of soy-fed 
pigs. Allee et al. (1971a, 1971b) reported greater 
concentrations of free fatty acids and cholesterol in plasma 
of pigs fed greater amounts of dietary fat, also. Mersmann 
et al. (1984) found a decline in free fatty acid concen­
trations with age in contemporary pigs, which also 
occurred in the conventionally-fed pigs in this study (Table 
7) . 
Many studies with a variety of species have shown that 
plasma cholesterol and triglyceride concentrations increase 
when dietary fat content is increased. Reitman et al. 
(1982) found plasma cholesterol concentrations in excess 
of 700 mg/dl when miniature swine were fed diets containing 
15% beef tallow and 1.5% cholesterol. In our study, diets 
that contained less than 0.1% cholesterol (equivalent to 
a daily intake of approximately 2500 mg in a 70 kg man) 
produced small but significant increases in plasma 
cholesterol concentrations in both beef- and soy-fed pigs 
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(Table 7). When compared with soy-fed pigs, beef-fed 
pigs had significantly greater plasma cholesterol concen­
trations under the liberal feeding regimen and greater 
triglyceride concentrations under the restricted regimen, 
suggesting that degree of restriction influences plasma 
lipid responses to dietary fat and protein. Several 
studies have found that caloric restriction influences 
plasma lipid concentrations (Kudchodkar et al., 1977; 
Liepa et al., 1980; Lacombe et al., 1983), but the effects 
of restriction vary with species and with length and degree 
of restriction. 
The effects of type of dietary fat and protein on 
plasma lipids are more controversial, but most studies 
have found greater plasma cholesterol and, usually to a 
lesser extent, triglyceride concentrations in subjects 
consuming animal products than in those consuming plant 
products. Waterman et al. (1975) compared plasma lipid 
concentrations in pigs fed 24% safflower oil or tallow 
and found greater triglyceride and free fatty acid concen­
trations and lower cholesterol concentrations in plasma 
of safflower oil-fed pigs. Forsythe et al. (1980) reported 
that both animal protein and saturated fat in the diet 
increased plasma cholesterol concentrations of pigs when 
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compared with plant protein and polyunsaturated fat; 
triglyceride concentrations were not influenced by diet 
in the study by Forsythe et al. (198 0) . Julius et al. 
(1982) found that milk protein-based infant formulas 
produced greater plasma cholesterol concentrations in 
young pigs than did formulas containing soy protein 
isolate, but degree of fat saturation did not have an 
effect. In a second study with young pigs fed liquid 
diets, on the other hand, Richard et al. (1983) reported 
that tallow in the diet caused greater plasma cholesterol 
concentrations than did soybean oil, but type of dietary 
protein (casein versus soy protein isolate) had no effect 
on plasma cholesterol. Holmes et al. (1980) found no 
significant differences in plasma cholesterol or tri­
glyceride concentrations in free-living humans consuming 
meat or soy protein in a crossover study. Obviously, the 
effects of type of dietary fat and protein on plasma lipids 
and overall lipid metabolism is dependent upon many other 
variables, including other dietary components, dietary 
intake, and species, to name only a few. From the results 
of this and other studies , I believe that the pig is an 
excellent model for the study of the interactions between 
nutrition and metabolism, and especially lipid metabolism, 
in the human. 
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SECTION II. EFFECTS OF BEEF, SOY, AND CONVENTIONAL 
DIETS ON CHOLESTEROL DISTRIBUTION IN 
BLOOD PLASMA, BODY TISSUES, AND FECES 
OF YOUNG RESTRICTED- OR LIBERALLY-FED 
PIGS 
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ABSTRACT 
Two trials were conducted to examine the effects of 
restricted (approximately 65% of ad libitum intake for 8 
weeks) and liberal (approximately 90% of ad libitum intake 
for 7 weeks) feeding of beef-based, soy-based, and conven­
tional swine diets on cholesterol distribution in blood 
plasma, plasma lipoproteins, body tissues, and feces of 
young, growing pigs. Beef and soy diets contained 
approximately 40 to 50% of calories from fat and 0.09% 
cholesterol; conventional diets contained 8 to 9% of calories 
from fat and no cholesterol. Beef- and soy-fed pigs had 
greater plasma total, HDL-, and LDL-cholesterol concentrations 
than did conventionally-fed pigs in both trials; beef-fed 
pigs had greater plasma total, HDL-, and LDL-cholesterol 
concentrations than did soy-fed pigs in the second trial. 
Ratios of HDL-cholesterol to LDL-cholesterol increased in 
beef- and soy-fed pigs when compared with conventionally-
fed pigs after 4 weeks, but did not differ between dietary 
groups at the end of both trials. Fecal excretion of 
neutral steroids and bile acids did not differ between 
dietary treatments in the first trial, but, in the second 
trial, were approximately twice as great in soy-fed pigs as 
in pigs fed beef or conventional diets. Fat and cholesterol 
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deposition in the liver was greater in beef- and soy-fed 
pigs than in conventionally-fed pigs in both trials. The 
effects of diets on cholesterol concentrations in the heart, 
aorta, and other viscera were not consistent in the two 
trials. In the first trial, the soy diet resulted in two-
to three-fold greater cholesterol concentrations in the 
carcass and whole body when compared with the conventional 
and beef diets, respectively. Carcass and whole body 
cholesterol concentrations were greater in soy-fed pigs in 
the second trial, also, but not to as great an extent as 
in the first trial. Soy-fed pigs had greater cholesterol 
concentrations in the adipose tissue in the second trial 
than did the other dietary groups, and conventionally-fed 
pigs had greater concentrations than did beef-fed pigs. In 
conclusion, the beef diet, but not the soy diet, seemed 
to suppress endogenous cholesterogenesis so that cholesterol 
content of the body and excretion in the feces were similar 
to those of conventionally-fed pigs. Soy-fed pigs disposed 
of excess endogenous and exogenous cholesterol through 
deposition in the tissue in both trials and through fecal 
excretion in the second trial. 
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INTRODUCTION 
The relationship between diet, cholesterol, and 
atherosclerosis was recognized early in the twentieth 
century (Anitschkow, 1913). The precise mechanisms 
through which dietary constituents alter cholesterol 
metabolism and atherogenesis, however, are still obscure. 
Most studies have shown that dietary cholesterol and 
saturated fat increase plasma cholesterol concentrations and, 
theoretically, risk of coronary heart disease, while dietary 
polyunsaturated fat tends to be hypocholesterolemic 
(Glueck, 1979; McGill, 1979). Several mechanisms for the 
hypocholesterolemic effect of polyunsaturated fat have been 
suggested, including; (1) increased fecal excretion of bile 
acids and(or) neutral steroids, (2) decreased cholesterol 
absorption, (3) decreased cholesterol synthesis, (4) 
increased cholesterol deposition in body tissues, and (5) 
altered lipoprotein structure and metabolism (Spritz and 
Mishkel, 1969; Grundy and Ahrens, 1970). Evidence for and 
against each of these theories can be found in the literature 
(Jackson et al., 1978). 
Dietary protein also influences cholesterol metabolism 
and development of atherosclerosis. Most studies have 
found that, when fed to laboratory animals such as the 
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rabbit or rat, casein or other animal proteins are hyper-
cholesterolemic and atherogenic relative to plant proteins 
(Terpstra et al., 1983). Studies with humans, however, 
have shown inconclusive results (Sacks et al., 1983). The 
mechanism of the purported hypocholesterolemic effect of 
plant proteins with respect to animal proteins is under 
intense investigation but as yet has not been clearly 
delineated. One or more of the mechanisms described pre­
viously for the hypocholesterolemic action of polyunsaturated 
fat may be involved (Sugano, 1983). 
Studies have demonstrated an effect of dietary restric­
tion on cholesterol metabolism and(or) atherogenesis in 
several species (Rodbard et al., 1951; Subbiah and Siekert, 
1979; Lacombe et al., 1983), including humans (Kudchodkar, 
1977), with conflicting results. The results of such 
studies are difficult to interpret because of many con­
founding factors, such as the degree of restriction, the 
nutrient restricted, the duration of restriction, the 
period during the life span when studied, and the species 
examined. The underlying mechanism whereby cholesterol 
metabolism is altered by dietary intake has not been 
examined extensively, but, again, may involve the previously-
described factors. 
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Much of the research examining the effects of these 
dietary variables on parameters of cholesterol metabolism 
has been done with laboratory animals fed purified or 
semipurified diets, and the results of these studies are 
not directly comparable with, and often are very different 
from, those seen with humans consuming typical mixed diets 
(Sacks et al., 1983). Thus, the present study was designed 
to determine, in young growing pigs, the effects of 
restricted or liberal feeding of beef-based and soy-based 
diets (similar, in some respects, to human diets) as well as 
conventional swine diets on several parameters of cholesterol 
metabolism including: (1) cholesterol concentrations in 
blood plasma and plasma lipoproteins, (2) cholesterol 
excretion as fecal bile acids and neutral steroids, and (3) 
cholesterol and fat concentrations in several tissues and 
the whole body. I believe that the pig is an excellent 
model animal for this research because of physiological, 
anatomical, and nutritional similarities between the human 
and the pig (Dodds, 1982). Using the pig as a model, I 
hope to help clarify the mechanisms whereby animal- versus 
plant-based diets influence plasma cholesterol concentra­
tions, and, perhaps, subsequent atherosclerosis. 
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MATERIALS AND METHODS 
Animals and Diets 
Twenty-one pigs were used in each of two separate 
feeding trials, as described in Section I. In the first 
feeding trial, pigs were fed beef-based, soy-based, or 
conventional swine diets (7 pigs/diet) at approximately 65% 
of ad libitum intake (restricted intake) for 61±3 (mean ± 
standard deviation) days. In the second trial, pigs were 
fed similar diets (7 pigs/diet) at approximately 90% of 
ad libitum intake (liberal intake) for 51±3 days. Diet 
formulation, feeding, and analyses were as described in 
Section I. 
Plasma, Fecal, and Tissue Analyses 
Before initial feeding of the experimental diets and 
every week thereafter during the two trials, blood samples 
were collected from the retro-orbital sinus (Riley, 1960) 
4 to 8 hours postfeeding. Disodium EDTA (15 mg/10 ml blood) 
served as an anticoagulant. Plasma was recovered by 
centrifugation at 7700 x for 20 minutes at 4°C (Sorvall 
RC2-B, Ivan Sorvall, Inc., Norwalk, CT). Plasma lipo­
protein fractions were isolated from initial, week 4, and 
final plasma samples by preparative ultracentrifugation 
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(Spinco Model L2-50, Beckman Instruments, Fullerton, CA; 
Havel et al., 1955) . Cholesterol concentrations in the 
plasma, chylomicron plus very-low-density lipoprotein (VLDL; 
d<1.006), low-density lipoprotein (LDL; 1.006<d<l.06) , high-
density lipoprotein (HDL; 1.05<d<l.21) , and HDL 
infranatant (d>1.21) were determined enzymatically 
(Centrifichem Test for quantitative determination of 
cholesterol. Union Carbide Corp., Rye, NY; Allain et al., 
1974) . 
Fecal samples were collected near the end of each 
feeding trial as described in Section I. Chromic oxide 
was fed as a marker to determine total fecal output; 
chromium concentration of fecal samples was determined by 
atomic absorption spectrophotometry (Perkin-Elmer 460 
Atomic Absorption Spectrometer, Perkin-Elmer Corp., Norwalk, 
CT) after digestion by nitric and perchloric acid (Johnson 
and Ulrich, 1959). 
Bile acids and neutral steroids were isolated from 
lyophilized, ground feces according to the procedures of 
Grundy et al. (1965) and Miettinen et al. (1965), 
respectively, as adapted by Thomas et al. (1984) except that 
® final purification of bile acids was performed on Florisil 
(Floridin Co., Tallahassee, FL) by column chromatography 
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rather than by thin-layer chromatography. Extracted 
steroids dissolved in ethyl acetate were quantified on a 
gas chromatograph (Tracor 550, Tracor Inc., Austin, TX) 
equipped with a 5% OV-210 column at 225°C and a flame 
ionization detector. Esterified bile acids were quantified 
at 265°C with the same equipment. Internal standards, 
5 a-cholestane for steroids and 23-nordeoxycholic acid for 
bile acids, were added to fecal samples before deconjugation 
and separations were performed. Concentrations of bile 
acids and neutral steroids were corrected on the basis of 
recovery of internal standards. 
After the pigs had been fed the experimental diets for 
at least 8 weeks in the first trial and 7 weeks in the 
second trial, they were stunned by electric shock and then 
killed by exsanguination. Carcasses were eviscerated, and 
the viscera were flushed with water. Aortas were removed, 
stripped of exterior fat, and split in half longitudinally. 
One half was fixed in 10% formalin and later stained for 
lipid deposition with Sudan IV (Holman et al., 1958). The 
remaining half was frozen at -20°C. Samples were taken from 
the heart and from the right medial lobe of the liver and 
frozen at -20°C. 
In the first trial, the head, tail, and feet were 
removed from the empty body, and the brain was removed from 
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the head. In both trials, the empty body was split 
longitudinally and the spinal cord and, in the second trial, 
the brain were removed. In both trials, the brain and 
spinal cord were combined and sampled. In the first trial, 
the skin was removed from one-half of the body, leaving a 
skinned half carcass. The remaining viscera from both 
trials, the skin, skinned half carcass, and head, tail, 
and feet from the first trial, and the half carcass (with 
head, tail, feet, and skin remaining) from the second trial 
were each frozen, ground (Model 4046 grinder, Hobart Mfg. 
Co., Troy, OH), and sampled. In the second trial, samples 
of longissimus muscle and subcutaneous adipose tissue from 
the shoulder area and perirenal adipose tissue were taken 
from the remaining half carcass and frozen at -20°C. All of 
the frozen tissue samples were lyophilized. Total fat 
content of each sample was determined gravimetricaiiy after 
extraction with 1:2:0.8 (v:v:v) chlorofoirm:methanol:water 
(Bligh and Dyer, 1959). An aliquot of the extract was 
evaporated to dryness under N2 and then dissolved in 
isopropanol. Cholesterol concentrations of fat extracts of 
all tissues except subcutaneous and perirenal adipose 
tissues were determined enzymatically (Allain et al., 1974). 
Cholesterol concentrations of fat extracts of subcutaneous 
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and perirenal adipose tissues were determined with a 
Technicon Auto Analyzer (Technicon Instruments Corp., 
Chauncey, NY) according to the procedure suggested by 
Technicon (1965) because fat content of these extracts 
interfered with cholesterol measurement by the enzymatic 
technique. 
Statistical Analyses 
Data were analyzed statistically as described in 
Section I. 
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RESULTS 
Initial plasma cholesterol concentrations did not 
differ between dietary treatment groups in either trial 
(Figures 1 and 2, Table 1). In the restricted-feeding trial, 
beef-fed pigs had greater plasma cholesterol concentrations 
than did conventionally-fed pigs after consuming the 
experimental diets for 1 week, and both beef- and soy-fed 
pigs maintained greater plasma cholesterol concentrations 
than did conventionally-fed pigs from the third week of 
the study until the end (Figure 1). Plasma cholesterol 
concentrations did not differ between beef- and soy-fed 
pigs at any of the sampling times during the restricted 
trial. Beef and soy diets also increased plasma cholesterol 
concentrations, when compared with the conventional diet, 
throughout the second trial (Figure 2). After consuming 
liberal intakes of the diets for 5 weeks, beef-fed pigs had 
greater plasma cholesterol concentrations than did soy-fed 
pigs. Plasma cholesterol concentrations of all diet groups 
in both trials tended to be increased at the final sampling 
time (at slaughter) (Figures 1 and 2). 
Cholesterol concentrations in the plasma VLDL and HDL 
infranatant were low (usually less than 5 mg/dl) and did not 
differ between dietary groups during either trial. Con­
sequently, these data are not included in this report. HDL-
Figure 1. Mean plasma cholesterol concentrations of pigs fed restricted 
intakes of beef, soy, and conventional (conv) diets. Pooled SEM is 
indicated by vertical bar on x-axis at each sampling time. Means 
at a given sampling time bearing different superscripts (a,b) differ 
(P<.05). 
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Figure 2. Mean plasma cholesterol concentrations of pigs fed liberal intakes 
of beef, soy, and conventional (conv) diets. Pooled SEM is 
indicated by vertical bar on x-axis at each sampling time. Means 
at a given sampling time bearing different superscripts (a,b) differ 
(P<.05) . 
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Table 1. Effect of diet on plasma and lipoprotein cholesterol concentrations of 
young pigs^ 
Restricted intake Liberal intake 
Variable Conv^ Soy Beef Conv Soy Beef 
Plasma cholesterol, 
mg/dl 
Initial 
Week 4 
Final 
76*13  
61^ ±7 
70^ ±5 
91^ ±5 
93 ±8 
70* +6 
99»  ±6  
92 ±9 
61^+7 
74 ±3 
75 ±3 
66*+8 
98^+3 
96°+2 
61* ±5 
107^+7 
122^±8 
HDL cholesterol, 
mg/dl 
Initial 
Week 4 
Final 
26^±1 
21®±2 
2 7 ^ ± 2  
22*±2 
3 8 ^ ± 2  
35 ±2 
24*  ±2  
42G\ ±2 
31*"±3 
27*±4 
25*+2 
28 ±4 
23*±5 
42^+3 
36^+3 
26*±2 
42^+2 
46 +2 
LDL cholesterol, 
mg/dl 
Initial 
Week 4 
Final 
41*14  
34*±4 
37*±5 
38?±3 
4 5^ ±5 
50*±7 
# 
51 +7 
28*±2 
33*+3 
39 ±3 
34*+5 
40*  ±4  
49^14 
31*±1 
42*±7 
58 +6 
HDL cholesterol; 
LDL cholesterol 
Initial 
Week 4 
Final 
.67^1.08 
.66^1.05 
.78*+.12 
.58*±.04 
.92^+.13 
.75*+.08 
.61*±.04 
.95°±.10 
.61*+.03 
.99*+.06 
.82*±.13 
.73 +.10 
.81*+.17 
1.10 +.14 
.77*+.10 
.83*+.07 
1.16*+.22 
.83 +.08 
^Values are means ± SEM for 
^Conv = conventional. 
7 pigs. 
3/b,cleans in the same row within a given dietary regimen bearing different 
superscripts differ (P<.05). 
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and LDL-cholesterol concentrations and their ratio did not 
differ between dietary groups at the outset of either trial 
(Table 1). After consuming the diets for 4 weeks, soy- and 
beef-fed pigs, when compared with conventionally-fed pigs, 
had greater HDL-cholesterol concentrations in both trials, 
greater LDL-cholesterol concentrations in the first trial, 
and tended to have greater LDL-cholesterol concentrations 
in the second trial. HDL-and LDL-cholesterol concentrations 
did not differ between the beef- and soy-fed pigs at the 4-
week sampling time in either study. The ratio of HDL-
cholesterol to LDL-cholesterol at week 4 was greater in 
soy- and beef-fed pigs than in conventionally-fed pigs in 
the first trial and tended to be greater in the second 
trial because cholesterol concentrations in the HDL increased 
to a greater extent than those in the LDL. 
At the end of the first trial, soy-fed pigs had greater 
cholesterol concentrations in the HDL fraction than did 
conventionally-fed pigs (Table 1); beef-fed pigs had 
intermediate HDL-cholesterol concentrations. LDL-cholesterol 
did not differ between dietary groups at the end of the 
restricted trial, but conventionally-fed pigs tended to 
have less cholesterol in LDL. With liberal intake of the 
diets, beef-fed pigs had greater concentrations of 
cholesterol in both HDL and LDL than did soy- or 
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conventionally-fed pigs. Soy-fed pigs had greater HDL- and 
LDL-cholesterol concentrations at the end of the second 
trial than did conventionally-fed pigs. The ratio of HDL-
cholesterol to LDL-cholesterol, however, did not differ 
between dietary groups at the end of either trial. 
Excretion of bile acids in the feces was not influenced 
by diet in the first trial, but was increased approximately 
two-fold by the soy diet when compared with the beef and 
conventional diets in the second trial (Table 2). When fed 
restricted diets, soy- and beef-fed pigs had greater 
concentrations of fecal neutral steroids than did conven­
tionally-fed pigs, but total excretion of neutral steroids 
per day did not differ (Table 2)- With liberal dietary 
intake, soy-fed pigs had greater concentrations and total 
daily excretion of neutral steroids than did beef- or 
conventionally-fed pigs. 
Liver weights were greater in soy-fed pigs than in 
beef- or conventionally-fed pigs in both trials (Tables 3 
and 4). Percentage of dry matter and of fat was greater 
in beef-fed pigs than in conventionally-fed pigs in the 
first trial; soy-fed pigs had intermediate values. In the 
second trial, liver dry matter percentages did not differ 
between dietary groups, but beef- and soy-fed pigs had 
Table 2. Effect of diet on fecal excretion of bile acid and neutral steroids 
by young pigs^ 
Diet Bile acids Neutral steroids 
mg/g DM^ mg/day mg/g DM mg/day 
Restricted intake 
Conv^ 1.6^+0.2 186® + 25 4.4®+0.5 489®+ 50 
Soy 2.1^+0.5 148® + 38 7.9^+0.9 548®+ 89 
Beef 1.7^i0.3 144® + 35 7.1^+0.5 577®+ 76 
Liberal intake 
Conv 1.9^±0.2 647®± 82 4.4®+0.9 1346®±217 
Soy 5.4^+0.4 1112^+151 17.1^±2.3 3233^±201 
Beef 2.3^+0.2 519® + 82 8.5®±0.8 1901®±258 
^Values are means ± SEM for 7 pigs. 
^DM = dry matter of feces. 
^Conv = conventional. 
^'^Means in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
Table 3. Effect of diet on weight and dry matter, fat, and cholesterol content 
of several tissues and the whole body^ of young restricted-fed pigs^ 
Diet 
Variable Conv' 
Liver weight, g 404® ± 59 
Dry matter, % 2 9 . 6 ®  ± 0.7 
Fat, % of d m" 9 . 8 ®  ± 0.3 
Cholesterol, mg/g DM 8.4® ± 0.3 
Heart weight, g 93a + 11 
Dry matter, % 1 9 . 4 ®  ± 0.2 
Fat, % of DM 9.9® ± 0 . 2 
Cholesterol, mg/g DM 6 . 0  + 0.1 
Aorta dry matter, % 2 8 . 2 ®  ± 1.0 
Fat, % of DM 3.7® + 0.8 
Cholesterol, mg/g DM 3.6 ± 0.2 
Other viscera weight, g 1730® ± 180 
Dry matter, % 15.9® ± 0.4 
Fat, % of DM 14.0® ± 1.0 
Cholesterol, mg/g DM 1 1 . 4 *  ± 0.2 
Brain and spinal cord 
weight, g 90® ± 4 
Dry matter, % 25.0® ± 1.0 
Fat, % of DM 42.4® ± 2.2 
Cholesterol, mg/g DM 80.4 ± 4.0 
Carcass weight, g 12250® ±1780 
Dry matter, % 28.3^ ± 1.1 
Fat, % of DM 20.4®D± 2.6 
Cholesterol, mg/g DM 8 . 2 *  ± 0.7 
Soy Beef 
509a ± 
9.4*^ ± 
lOlJ ± 
19.6^ ± 
11.4^ + 
6.4 ± 
27.5: ± 
2.6® ± 
3.7® ± 
1980" ± 
16.5® ± 
17.1® ± 
10.5 ± 
8 6 ®  ±  
24.8® ± 
40.9® ± 
78.6 ± 
91 
0.9 
0.4 
0 . 2  
14 
0.3 
0.9 
0 . 2  
0.4 
0 . 2  
0.1 
240 
0.9 
2.5 
0.7 
12910® ±2180 
30.2 ± 1.8 
24.7® ± 4.4 
17.7 ± 3.1 
440 ab, ± 
27.8° ± 
: 
101® ± 
19 
10, 
6 ,  
2: ± 
28 
2 
6: ± 
± 
3.5" ± 
1900®b± 
15.0® ± 
14.8® ± 
11.4® ± 
68 
0.5 
0.3 
0.3 
14 
0.3 
0 . 2  
0 . 2  
1 . 1  
0.5 
0.1 
240 
0.5 
1.6 
0.5 
84° ± 4 4 
25.1® + 1.5 
39.5 ± 2.6 
75.6® ± 4.6 
1364Q^±2280 
28.9®G'± 1.3 
19.7^ ± 3.6 
5.2^ ± 0.2 
Whole bodyi weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
14570^+2010 
2 6 . 8 ® +  1 . 0  
19.8®+ 2.3 
8.9®+ 0.6 
15590® ±2510 
28.3® ± 1.7 
23.8^  ± 4.0 
17.3^ ± 2.6 
16180^+2590 
27.2®± 1.2 
19.2®+ 3.4 
6.2®+ 0.3 
^Liver + heart + other viscera + brain and spinal cord + carcass. 
^Values are means + SEM for 7 pigs. 
^Conv = conventional. 
''DM = dry matter. 
®'^Means in the same row bearing different superscripts differ (P<.05) 
Table 4. 
Variable 
Effect of diet on weight and dry matter, fat, and cholesterol content 
of several tissues and the whole body^ of young liberally-fed pigs^ 
Diet 
Beef Conv 3 Soy 
846*± 63 954* ± 64 
29.2*+ 0.5 29.2* ± 0.3 
12.9*± 0.3 14.7% ± 0.4 
9.0 ± 0.2 9.7° ± 0.4 
150* + 7 161* ± 11 
19.6*± 0.2 20.of ± 0.1 
11.9*± 0.7 12,3* ± 0.9 
5.6 ± 0,1 5.5 ± 0.1 
28.5*± 0.3 29.1* ± 0.4 
4.7*± 0.6 3.9* ± 0. 3 
4.3*± 0.2 3.9 ± 0.1 
3130*± 210 3200* ± 240 
20.4*± 0.6 21.6b '±  0.8 
30.4*+ 0.2 35.Sg ± 2.4 
8.4 + 0.2 7,7° ± 0.2 
94*± 4 4 103* + 2 2 
23.1*+ 0.4 24.0* ± 0,4 
48.8*± 0.7 50.1* ± 1.3 
90.8*± 0.9 90.1 + 1.8 
Liver weight, g 
Dry matter, % 
Fat, % of DM" 
Cholesterol, mg/g DM 
Heart weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
Aorta dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
Other viscera weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
Brain and spinal cord 
Weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
Carcass weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
25640 ±1910 i3j 38.3"+ 0.7 
38.4^+ 2.2 
5.9 ± 0.5 
27160^^+2640 
43.6=.± 1.8 
42.5* ± 1.3 
7.4 ± 0,6 
± 53 
± 0,3 
± 0.5 
± 0.4 
± 10 
± 0.1 
± 0.5 
± 0 . 1  
± 0 . 6  
± 0.5 
±  0 . 2  
3190^ + 220 
• ^5 ± 0.8 
35.5^ ±2.2 
7,7 ±0.3 
100a +55 
23.7_ ±0.6 
50.2 ±1.1 
93.1^ ±2.6 
813: 
•11 
161* 
19.8* 
29.5* 
29110" ±2430 
4?'!b 
Vv 
± 1.0 
45.7%. ± 2.4 
6 . 8  ±  0 . 8  
Whole bodyi weight, g 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
29870*±2160 
36.0^+ 0.7 
37.3®± 2.1 
6.3^± 0.4 
31570^^+2930 
40.8° ± 1.7 
41.5^ ± 1.4 
7.7G ± 0.5 
33380" ±2640 
40.3% ± 0.9 
44.6*. ± 2.4 
7.1^b± 0.7 
^Liver + heart + plus other viscera + brain and spinal cord + carcass 
^Values are means ± SEM for 7 pigs. 
^Conv = conventional. 
'DM = dry matter. 
a,b 
'Means in the same row bearing different superscripts differ (P<.05). 
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greater fat percentages than did conventionally-fed pigs. 
With both feeding regimens, beef- and soy-fed pigs had 
greater liver cholesterol concentrations than did con­
ventionally-fed pigs. 
Diet did not affect heart weight, dry matter per­
centage, or fat percentage in either trial (Tables 3 and 
4). Cholesterol concentration, however, was greater in 
restricted soy-fed pigs than in restricted beef- or 
conventionally-fed pigs (Table 3). Diet also did not affect 
any parameters determined for aorta samples with the 
exception of cholesterol concentration during the second 
trial, which was increased in conventionally-fed pigs. 
Staining of aortas with Sudan IV did not reveal any lipid 
deposition. Parameters determined for brain and spinal 
cord samples were not influenced by diet. 
Weight of viscera (excluding liver, heart, and aorta) 
was greater in restricted soy-fed pigs than their beef- or 
conventionally-fed counterparts. Dry matter percentage, 
fat percentage, and cholesterol concentration in the 
remaining viscera were not affected by diet in the first 
trial. With liberal feeding of the diets, beef- and 
soy-fed pigs had greater dry matter and fat percentages 
but lower cholesterol concentrations of the other viscera 
than did conventionally-fed pigs. 
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Data for samples of skin, skinned carcass, and head, 
tail, and feet from the first trial were combined (on a 
weighted basis according to the weight of each tissue) 
for each animal and are reported as carcass data in Table 
3. These composite samples are equivalent to the carcass 
samples of the second trial. Data for the whole body 
(Tables 3 and 4) were calculated from the data for the 
individual tissues, including liver, heart, other viscera, 
carcass, and brain and spinal cord (Tables 3 and 4), 
weighted according to the weight of each tissue, also. 
In both trials, carcass and whole body weights were 
significantly greater in beef-fed pigs than in conven­
tionally-fed pigs, with soy-fed pigs being intermediate. 
Effects of diet on dry matter, fat, and cholesterol 
content of the carcass and whole body, however, varied with 
dietary intake. In the restricted trial, soy-fed pigs 
had greater percentages of dry matter and fat in the 
carcass and whole body than did beef- or conventionally-
fed pigs, although not all of these differences were 
statistically significant. Cholesterol concentrations in 
the carcass and whole body were two- to three-fold greater 
in soy-fed pigs than in conventionally- or beef-fed pigs, 
respectively. With liberal feeding, both beef- and soy-fed 
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pigs had greater percentages of dry matter and fat in the 
carcass and whole body than did conventionally-fed pigs. 
Cholesterol concentrations in the carcass and whole body 
were greater in soy-fed pigs than in conventionally-fed 
pigs in the second trial; beef-fed pigs had intermediate 
carcass and whole body cholesterol concentrations. 
Dry matter and fat percentages and cholesterol 
concentrations of longissimus muscle and subcutaneous 
and perirenal adipose tissues were determined in the 
second trial (Table 5). Beef-fed pigs had a greater per­
centage of dry matter in the muscle than did soy- or 
conventionally-fed pigs, and soy-fed pigs had a greater 
dry matter percentage than did conventionally-fed pigs; 
the same trend was seen in fat percentage of the muscle. 
Soy-fed pigs had slightly greater cholesterol concentrations 
in the muscle. Conventionally-fed pigs had lower 
dry matter and fat percentages in the subcutaneous and 
perirenal adipose tissues than did soy- or beef-fed pigs. 
Cholesterol concentrations in both adipose tissues were 
greater in soy-fed pigs than in beef- or conventionally-
fed pigs. When compared with beef-fed pigs, conventionally-
fed pigs had greater cholesterol concentrations in the 
subcutaneous adipose tissue and tended to have greater 
cholesterol concentrations in the perirenal adipose tissue. 
Table 5. Effect of diet on dry matter, fat, and cholesterol content of muscle and 
adipose tissue of young liberally-fed pigs^ 
Diet 
Variable Conv' Soy Beef 
Longissimus muscle 
Dry matter, % 
Fat, % of DM3 
Cholesterol, mg/g DM 
Subcutaneous adipose tissue 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
Perirenal adipose tissue 
Dry matter, % 
Fat, % of DM 
Cholesterol, mg/g DM 
2 2 . 6 + 0 . 2  
8.9^+0.7 
2.5^±0.1 
76.2°±1.7 
89.6^±0.5 
2 . 2 ^ ± 0 . 2  
83.1"±0.6 
90.2^10.5 
3.1®±0.2 
23.5 ±0.3 
9.2^ ±0.7 
2.8^ ±0.2 
79.2^^+1.8 
91.4^ ±0.7 
2.7° ±0.2 
8 6 . 6  ±1.3 
5 93.7" ±0 
3.60 +Q,2 
24.5^±0.4 
10.8^+1.3 
2.5^±0.2 
82.0"+1.3 
92.0°+0.1 
1.6^±0.2 
86.1"±1.0 
93.7*^+0.8 
2.7^±0.1 
^Values are means ± SEM for 7 pigs. 
^Conv = conventional. 
^DM = dry matter. 
^'^'"^Means in the same row bearing different superscripts differ (P<.05). 
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DISCUSSION 
Plasma cholesterol concentrations were increased in 
response to increased dietary fat and cholesterol in the 
soy and beef diets, when compared with the conventional diet, 
in both trials of the present study (Figures 1 and 2, Table 
1). This phenomenon has been reported numerous times for 
many species (Glueck, 1979; McGill, 1979) including pigs 
(Mahley et al., 1975; Kim et al., 1980). The beef- and soy-
fed pigs in the present study were only mildly hyper-
cholesterolemic when compared with those in the study by 
Mahley et al. (1975) in which mean plasma cholesterol con­
centrations of 395 mg/dl were reported for miniature pigs 
fed 15% lard and 1.5% cholesterol. 
Many studies also have shown that dietary fat and(or) 
protein from animal products are more hypercholesterolemic 
than dietary fat and(or) protein from plant sources 
(Kritschevsky, 1976). In the second trial, pigs fed beef-
based diets had greater plasma cholesterol concentrations 
after 6 weeks than did pigs fed soy-based diets (Figure 2). 
With the restricted feed intake of the first trial, 
however, plasma cholesterol concentrations did not differ 
between beef- and soy-fed pigs (Figure 1). Walsh et al. 
(198 3) also found similar plasma cholesterol concentrations 
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in beef- and soy-fed pigs consuming diets similar to the 
beef and soy diets of the present study. Dietary intake 
of the pigs in the study by Walsh and colleagues (1983) 
was intermediate to intakes in the two trials in the present 
study. The results of the present study and the study 
by Walsh et al. (198 3) suggest that the hypercholesterolemic 
effect of the beef diet in young pigs may be moderated 
when dietary intake is restricted to some amount less 
than approximately 9 0% of ad libitum intake. The increase 
in plasma cholesterol concentrations at the time of death 
(Figures 1 and 2) may have resulted from stress-induced 
release of epinephrine (Dimsdale et al., 1983). 
Cholesterol concentration in the HDL of beef- and 
soy-fed pigs increased to a greater extent than did that 
in the LDL after 4 weeks of consuming the diets 
(Table 1). Consequently, the ratio of RDL-cholesterol to 
LDL-cholesterol increased from the initial samples to 
week 4 samples for beef- and soy-fed pigs in both trials 
(Table 1). The ratio was greater for beef- and soy-fed 
pigs than for conventionally-fed pigs at week 4 in both 
trials, although not significantly different in the 
second trial. From week 4 to the end of the trials, 
cholesterol concentrations tended to increase in the LDL 
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and remain the same or decrease slightly in the HDL of 
beef- and soy-fed pigs. Thus, at the end of both trials, 
the ratio of HDL-cholesterol to LDL-cholesterol did not 
differ between dietary groups even though beef- and soy-fed 
pigs had greater plasma cholesterol concentrations than did 
conventionally-fed pigs, and beef-fed pigs in trial 2 had 
greater cholesterol concentrations than did soy-fed pigs. 
These results indicate that a homeostatic mechanism may 
exist with regard to cholesterol distribution in plasma 
lipoproteins of mildly hypercholesterolemic pigs. 
In previous experiments with more severely hyper­
cholesterolemic pigs, alterations in the type and 
distribution of lipoproteins have been found. Mahley et 
al. (1975) reported that pigs fed diets supplemented with 
lard and cholesterol had increased concentrations of 6-VLDL, 
VLDL, IDL, LDL, and HDL^. Beynen et al. {1983) found 
considerable individual difference in the response of pigs 
to a hypercholesterolemic diet fed for 4 weeks. In a pig 
that developed only a mild elevation of serum cholesterol 
concentrations, the increase in serum cholesterol was 
found only in the HDL. A pig that developed more extreme 
hypercholesterolemia, however, had a greater increase in 
LDL- than in HDL-cholesterol. Thus, the degree of hyper­
cholesterolemia significantly influences the relative 
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distribution of cholesterol in the plasma lipoproteins of 
pigs. These results may have important implications for 
humans, also, because the plasma lipoprotein profile of 
the human is quite similar to that of the pig (Mahley and 
Weisgraber, 1974; Terpstra et al., 1982). 
The effects of dietary treatment on the fecal 
excretion of bile acids and neutral steroids were quite 
different in the two trials of the present study (Table 
2). Steroid excretion did not differ between dietary 
groups in the first trial, although conventionally-fed 
pigs tended to excrete more bile acids, perhaps because of 
less efficient reabsorption of bile acids with the low-fat 
conventional diet, and less neutral steroids, which 
probably was a result of the lower steroid content of 
the diet. In the second trial, steroid excretion did 
not differ between beef- and conventionally-fed pigs, and 
the same trends in steroid excretion were observed between 
these two dietary groups as in the first trial. The soy-
fed pigs in the second trial, however, excreted approximate­
ly twice the amount of both bile acids and neutral steroids 
as did the beef- or conventionally-fed pigs. The difference 
in plasma cholesterol concentrations of beef- and soy-fed 
pigs in the second trial probably was a result of the 
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differences in steroid excretion. Several studies with 
humans found that dietary polyunsaturated fat increased 
total fecal steroid output while decreasing plasma 
cholesterol, although this response has not been universal 
(Jackson et al., 1978). Increased steroid excretion also 
seems to be an important mechanism in the hypocholesterol-
emic effect of dietary vegetable protein when compared 
with animal protein (Sugano, 1983; Terpstra et al., 1983). 
Kim et al. (198 0) concluded that the hypocholesterolemic 
action of dietary soy protein when compared with casein 
in pigs fed a high-fat, high-cholesterol diet was mediated 
by way of increased fecal steroid excretion, although an 
earlier study by the same researchers (Kim et al,, 1978) 
found no difference in steroid excretion of casein- and 
soy protein-fed pigs. 
Bile acid and neutral steroid excretion was much 
lower in restricted- than in liberally-fed pigs. The 
difference in steroid excretion probably is related to 
total dry matter excretion, which was approximately three­
fold greater in liberally-fed pigs than in restricted-
fed pigs (Section I, Table 4) because of differences in 
dry matter intake related to both body weight and degree 
of restriction. Studies with humans (Kudchodkar et al.. 
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1977) and with pigeons (Subbiah and Siekert, 1979) found 
a reduction in fecal bile acid excretion when dietary 
intake was restricted; neutral steroid excretion decreased 
only slightly with dietary restriction in both studies. 
Illman et al. (198 2) reported that cholesterol and bile 
acid synthesis and subsequent excretion declined when rats 
were fasted for 48 hours. Dietary restriction may have 
reduced fecal steroid excretion in the present study in a 
similar manner by decreasing steroid synthesis. Restricted 
intake also may have influenced fecal steroid excretion 
by increasing the efficiency of reabsorption of bile acids 
and(or) neutral steroids in the intestinal lumen. The 
apparent absorption of dry matter, fat, protein, and gross 
energy, however, was not altered by the degree of dietary 
restriction in the two trials (Section I, Table 5) . 
The extent of dietary restriction may have moderated 
the effects of dietary fat and(or) protein on fecal 
steroid output and, consequently, on plasma cholesterol 
concentration. In contrast to the second, liberal-feeding 
trial, both plasma cholesterol concentrations and fecal 
steroid excretion were similar in beef- and soy-fed pigs 
in the first, restricted-feeding trial. An interaction 
between type of dietary fat and(or) protein and dietary 
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restriction would seem to be responsible for the differential 
effects of the beef and soy diets on steroid excretion in 
the two trials. The decline in steroid output accompanying 
dietary restriction may have masked or negated the effect 
of the soy diet on steroid excretion. Factors other than 
dietary restriction also may have influenced the differential 
effects of the diets on steroid excretion in the two trials. 
In their review of the literature, Jackson and coworkers 
(1978) emphasized the great heterogeneity in the response 
to dietary polyunsaturated fat by humans, and the same 
observation seems to apply for pigs. 
Dietary treatment significantly influenced many tissue 
parameters in the present study (Tables 3 and 4)- Only the 
brain and spinal cord were free in both trials from an 
influence of diet on any of the factors measured. As 
reported in Section I (Table 3), beef-fed pigs were heavier 
at the time of death than were soy- or conventionally-fed 
pigs in both trials, and soy-fed pigs were slightly heavier 
than conventionally-fed pigs at death in the second trial. 
Carcass and whole body (sum of liver, heart, other viscera, 
carcass, and brain and spinal cord) weights reflect 
the differences between dietary groups in liveweight. 
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while weights of hearts and central nervous systems did 
not vary between treatment groups in either trial. Liver 
weights, however, were greatest in soy-fed pigs in both 
trials. The factor that is responsible for the greater 
liver size in soy-fed pigs than in beef- or conventionally-
fed pigs remains to be identified. The difference in liver 
size was not the result of excess fat deposition because, 
in both trials, beef-fed pigs as well as soy-fed pigs 
had greater fat and cholesterol concentrations in the 
liver than did conventionally-fed pigs. The increase in 
total fat and cholesterol deposition in livers of beef-
and soy-fed pigs reflects greater concentrations of plasma 
cholesterol (Table 1) and triglycerides (Section I, Table 
7) in these animals than in their conventionally-fed 
counterparts. 
Dietary treatment did not influence dry matter or fat 
percentages in the heart or aorta in either trial. 
Cholesterol content of these two tissues was affected 
differently in the two trials. In the first trial, 
cholesterol concentrations in the heart were greater in 
soy-fed pigs than in beef- or conventionally-fed animals, 
which probably was the result of the same factor that 
produced the much greater concentrations of cholesterol in 
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the whole body of soy-fed pigs. Heart cholesterol 
concentrations did not differ between diet groups in the 
second trial, and whole body cholesterol concentrations 
were not affected by diet to as extreme an extent as in 
the first trial. Aorta cholesterol concentrations, on 
the other hand, were not affected by dietary treatments 
in the first trial, but were greater in conventionally-fed 
pigs than in beef- and soy-fed pigs in the second trial. 
An explanation for this phenomenon is not apparent. 
Parameters measured in the viscera other than the 
liver, heart, and aorta also were influenced by dietary 
treatment differently in the two trials. In the first 
trial, dry matter, fat, and cholesterol content of the 
remaining viscera were not different between diet groups, 
although fat percentage tended to be greater in soy-fed 
pigs than in the other diet groups. Fat deposition in the 
carcass and, consequently, the whole body was greater in 
soy-fed pigs, also. With more liberal feeding of the 
diets in the second trial, dry matter and fat percentages 
were greater in beef- and soy-fed pigs than in conven­
tionally-fed pigs, again paralleling differences seen in 
carcass and whole body parameters. Cholesterol concentra­
tion, however, was greatest in pigs fed the essentially 
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cholesterol-free conventional diet. Greater rates of 
cholesterol synthesis in the small intestine or other 
visceral tissues of conventionally-fed pigs may account for 
the difference between dietary groups in cholesterol con­
centrations in the viscera samples. Cholesterogenesis in 
these tissues might be suppressed by feedback inhibition 
in beef- and soy-fed pigs as a result of the absorption of 
dietary cholesterol. Marsh et al. (1972) found almost a 
90% reduction in total body cholesterol synthesis in pigs 
fed a high-fat, high-cholesterol milk diet when compared 
with pigs fed a low-fat, cholesterol-free diet. 
Both type of diet and degree of dietary restriction 
had dramatic influences on cholesterol concentrations in 
the carcass and whole body. Effects of dietary treatment 
on fat percentage of the whole body were discussed in 
Section I; dry matter percentages of the carcass and 
whole body tended to parallel fat percentages of those 
tissue samples. In both trials, soy-fed pigs had the 
greatest cholesterol concentrations in the carcass and 
whole body. Many studies have found greater tissue choles­
terol concentrations in several species, including rats 
(Wiggers et al., 1977; Awad, 1981), rabbits (Bieberdorf 
and Wilson, 1965; Richard et al., 1982), guinea pigs 
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(Crocker et al., 1979), squirrel monkeys (Lofland et al., 
1970), calves (Jacobson et al., 1974; Barrows et al., 1980), 
goats (Diersen-Schade et al., 1984), and pigs (Reiser et 
al., 1959; Forsythe et al., 1980; Julius et al., 1982; 
Richard et al., 1983; Walsh et al., 1983) fed polyunsaturated 
fat than in those fed a more saturated fat. Type of dietary 
protein also may influence tissue cholesterol deposition, 
although the effects of dietary protein on cholesterol 
deposition in tissues are less clear-cut than those of 
dietary fat (Kim et al., 1978; Forsythe et al., 1980; 
Julius et al., 1982; Richard et al., 1983), and protein 
and(or) fat in the diet may be responsible for the 
differences in tissue cholesterol content between dietary 
groups in the present study. 
In the restricted-feeding trial, the soy diet pro­
duced approximately a two- to three-fold increase in 
carcass and whole body cholesterol concentrations when 
compared with the conventional and beef diets, respectively. 
With liberal feeding of the diets, the soy-fed pigs had 
about a 20% increase in whole body cholesterol concentration 
when compared with conventionally-fed pigs, and only an 
8% increase when compared with beef-fed pigs. In the 
study by Walsh et al. (198 3) where pigs were fed beef- and 
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soy-based diets at a daily intake intermediate between 
the first and second trials of this study, soy-fed pigs 
deposited approximately 50% more cholesterol in the whole 
body than did beef-fed pigs. Thus, more severe dietary 
restriction seems to augment greatly the increased 
deposition of cholesterol in the tissue of soy-fed animals. 
Degree of dietary restriction also may have had an 
influence on the relative effects of the beef and 
conventional diets on carcass and whole body cholesterol 
concentrations; in neither trial, however, were carcass or 
whole body cholesterol concentrations significantly 
different in beef- and conventionally-fed pigs. 
The carcass is composed largely of muscle and adipose 
tissue, but also includes bone, connective tissue, skin, 
and other tissues. The greatest portion of the whole body, 
in turn, is the carcass. Therefore, cholesterol concen­
trations in muscle and adipose tissue samples were 
determined in the second trial to try to pinpoint the 
tissues where dietary treatment had the greatest effect on 
cholesterol deposition. Soy-fed pigs were found to have 
greater cholesterol concentrations in both adipose tissue 
samples and tended to have greater cholesterol concen­
trations in the muscle than did the pigs fed conventional 
or beef diets. Thus, the differences between treatment 
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groups in cholesterol content of the whole body seem to 
reflect differences seen in the adipose and muscle tissues. 
Conventionally-fed pigs also had greater cholesterol 
concentrations in the adipose tissue than did beef-fed pigs. 
Increased cholesterol deposition in adipose tissue of 
animals fed polyunsaturated fat, when compared with those 
fed saturated fat, has been demonstrated in rats (Wiggers 
et al., 1977; Awad, 1981), rabbits (Richard et al., 1982), 
calves (Jacobson et al., 1974; Barrows et al., 1980), and 
pigs (Julius et al., 1982; Richard et al., 1983). The 
fatty acid composition of the adipose tissue and other 
tissues of monogastrics, such as the pig and the human, 
mirrors that of the dietary fat. With a low-fat diet 
such as the conventional diet in the present study, the 
fatty acid profile of body lipids would reflect relative 
synthetic rates of the different fatty acids; a more un­
saturated fat is produced in pigs than in ruminants. 
Hence, the degree of saturation of the body fat of 
conventionally-fed pigs should be intermediate between 
that of beef- and soy-fed pigs. The degree of saturation 
of the tissue, in turn, may influence cholesterol 
deposition, perhaps by way of an effect on membrane fatty 
acid composition or lipoprotein metabolism. In 
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view of the results of the present study and many previous 
experiments, the relationship between diet and tissue fatty 
acid composition and cholesterol deposition deserves further 
study. 
In summary, the soy diet had the most dramatic effects 
on cholesterol metabolism in both trials in the present 
study. In the restricted-feeding trial, both beef- and 
soy-fed pigs, which consumed equal amounts of cholesterol, 
had elevated plasma cholesterol concentrations when 
compared with pigs fed a conventional, cholesterol-free 
diet. Soy-fed pigs also had a dramatic increase in whole 
body cholesterol content in comparison to beef- and 
conventionally-fed pigs, and fecal steroid excretion did not 
differ between diet groups. Therefore, soy-fed pigs must 
have had greater rates of cholesterogenesis in the body 
tissues than did beef-fed pigs since cholesterol input 
into and output from the body were equal in the two groups. 
With liberal feeding of the diets, beef-fed pigs had the 
greatest plasma cholesterol concentrations, although plasma 
cholesterol also was increased in soy-fed pigs when compared 
with conventionally-fed animals. Soy-fed pigs again had 
the greatest cholesterol concentrations in the tissue, 
although the differences between treatment groups was much 
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less than in the first trial. Soy-fed pigs, however, also 
had greater excretion of fecal bile acids and neutral 
steroids than did beef- or conventionally-fed pigs in the 
second trial. These results suggest that pigs fed soy 
diets must have had greater synthetic rates for cholesterol 
than did beef-fed pigs in the second trial as well as 
the first trial. Thus, although the high-fat, high-
cholesterol beef-based diets produced mild hyper­
cholesterolemia in both trials, the diets seemed to 
suppress endogenous cholesterogenesis to such a great 
extent that whole body cholesterol content did not differ 
from that of pigs fed low-fat, cholesterol-free, 
conventional diets. Soy-based diets containing equal 
amounts of fat and cholesterol to that of the beef diets, 
on the other hand, seemed much less effective in inhibiting 
endogenous cholesterol production, and, thus, resulted in 
much greater tissue cholesterol concentrations in the 
restricted-feeding trial and somewhat greater tissue 
cholesterol concentrations, despite greater fecal steroid 
excretion, in the more liberal-feeding trial. 
212 
LITERATURE CITED 
Allain, C. C., L. S. Poon, C. S. G. Chan, W. Richmond, and 
P. C. Fu. 1974. Enzymatic determination of total 
serum cholesterol. Clin. Chem. 20:470-475. 
Anitschkow, N. D. 1913. Uber die Veranderungen der 
Kaninchenaorta bie experimenteller Cholesterinsteatase. 
Beitr. Pathol. Anat. 56:379-404. 
Awad, A. B. 1981. Effect of dietary lipids on composition 
and glucose utilization by rat adipose tissue. J. 
Nutr. 111:34-39. 
Barrows, K. K., T. R. Heeg, A. D. McGilliard, M. J. Richard, 
and N. L. Jacobson. 198 0. Effect of type of dietary 
fat on plasma and tissue cholesterol of calves. J. 
Nutr. 110:335-342. 
Beynen, A. C., J. A. Schouten, A. H. M. Terpstra, and J. 
Visser. 198 3. Density profile and cholesterol con­
centration of serum lipoproteins in pigs (Sus scrofa 
domestica) fed a hypercholesterolemic diet. Z. 
Versuchstierkd. 25:333-337. 
Bieberdorf, F. A., and J. D. Wilson. 1965. Studies on 
the mechanism of action of unsaturated fats on 
cholesterol metabolism in the rabbit. J. Clin. Invest. 
44:1834-1844. 
Bligh, E. G., and W. J. Dyer. 1959. A rapid method for 
total lipid extraction and purification. Can. J. 
Biochem. Physiol. 37:911-917. 
Crocker, P. J., M. Fitch, and R. Ostwald. 1979. Effects 
of the unsaturation of dietary fat and of arachidonate 
supplementation on cholesterol pool expansion in the 
guinea pig. J- Nutr. 109:9 27-938. 
Diersen-Schade, D. A., M. J. Richard, and N. L. Jacobson. 
1984. Effects of dietary calcium and fat on cholesterol 
in tissue and excreta of young goats. J. Nutr. 
(accepted for publication). 
213 
Dimsdale, J. E., J. A. Herd, and L. H. Hartley. 1983. 
Epinephrine mediated increases in plasma cholesterol. 
Psychosomatic Med. 45:227-232. 
Dodds, W. J. 1982. The pig model for biomedical research. 
Fed. Proc. 41:247-256. 
Forsythe, W. A., E. R. Miller, G. M. Hill, D. R. Romsos, 
and R. C. Simpson. 1980. Effects of dietary protein 
and fat sources on plasma cholesterol parameters, 
LCAT activity and amino acid levels and on tissue 
lipid content of growing pigs. J. Nutr. 110:2467-2479. 
Glueck, C. J. 1979. Dietary fat and atherosclerosis. Amer. 
J. Clin. Nutr. 32:2703-2711. 
Grundy, S. M., and E. H. Ahrens, Jr. 1970. The effects of 
unsaturated dietary fats on absorption, excretion, 
synthesis, and distribution of cholesterol in man. 
J. Clin. Invest. 49:1135-1152. 
Grundy, S. M., E. H. Ahrens, Jr., and T. A. Miettinen. 
1955. Quantitative isolation and gas-liquid 
chromatographic analysis of total fecal bile acids. 
J. Lipid Res. 6:397-410. 
Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The 
distribution and chemical composition of ultra-
centrifugally separated lipoproteins in human serum. 
J. Clin. Invest. 34:1345-1353. 
Holman, R. L., H. C. McGill, Jr., J. P. Strong, and J. C. 
Geer. 1958. Technics for studying atherosclerotic 
lesions. Lab. Invest. 7:42-47. 
Illman, R. J., D. M. Beins, S. Balasubramanian, and D. L. 
Topping. 1982. Adaptive changes in faecal bile acid 
and neutral sterol excretion and liver enzyme activities 
in the rat during starvation. Biochem. Int. 5:367-374. 
Jackson, R. L., 0. D. Taunton, J. D. Morrisett, and A. M. 
Gotto, Jr. 1978. The role of dietary polyunsaturated 
fat in lowering blood cholesterol in man. Circ. Res. 
42:447-453. 
214 
Jacobson, N. L., M. Richard, P. J. Berger, and J. P. Kluge. 
1974. Comparative effects of tallow, lard, and 
soybean oil, with and without supplemental cholesterol, 
on growth, tissue cholesterol and other responses of 
calves. J. Nutr. 104:573-579. 
Johnson, C. M., and A. Ulrich. 1959. II. Analytical 
methods for use in plant analysis. Calif. Agric. Exp. 
Stn. Bull. 766. 
Julius, A. D., K. D. Wiggers, and M. J. Richard. 1982. 
Effect of infant formulas on blood and tissue choles­
terol, bone calcium, and body composition in weanling 
pigs. J. Nutr. 112:2240-2249. 
Kim, D. N., K. T. Lee, J. M. Reiner, and W. A. Thomas. 
1978. Effects of a soy protein product on serum and 
tissue cholesterol concentrations in swine fed high-fat, 
high-cholesterol diets. Exp. Molec. Pathol. 29:385-399. 
Kim, D. N., K. T. Lee, J. M. Reiner, and W. A. Thomas. 
1980- Increased steroid excretion in swine fed high-
fat, high-cholesterol diet with soy protein. Exp. 
Molec. Pathol. 33:25-35. 
Kritchevsky, D. 1976. Diet and atherosclerosis. Amer. J. 
Pathol. 84:515-632. 
Kudchodkar, B. J., H. S. Sohdi, D. T. Mason, and N. O. 
Borhani. 1977. Effects of acute caloric restriction 
on cholesterol metabolism in man. Amer. J. Clin. 
Nutr. 30:1135-1146. 
Lacombe, C., G. Corraze, and M. Nibbelink. 1983. 
Increases in hyperlipoproteinemia, disturbances in 
cholesterol metabolism and atherosclerosis induced by 
dietary restriction in rabbits fed a cholesterol-
rich diet. Lipids 18:306-312. 
Lofland, H. B., Jr., T. B. Clarkson, and B. C. Bullock. 
1970. Whole body sterol metabolism in squirrel 
monkeys (Saimiri sciureus). Exp. Molec. Pathol. 13:1-
11. 
Mahley, R. W., and K. H. Weisgraber. 1974. An electro-
phoretic method for the quantitative isolation of 
human and swine plasma lipoproteins. Biochemistry 
13:1964-1969. 
215 
Mahley, R. W., K. H. Weisgraber, T. Innerarity, H. B. 
Brewer, Jr., and G. Assmann. 1975- Swine lipoproteins 
and atherosclerosis. Changes in the plasma lipo­
proteins and apoproteins induced by cholesterol feeding. 
Biochemistry 14:2817-2823. 
Marsh, A., D. N. Kim, K. T. Lee, J. M. Reiner, and W. A. 
Thomas. 1972. Cholesterol turnover, synthesis, and 
retention in hypercholesterolemic growing swine. J. 
Lipid Res. 13:600-515. 
McGill, H. C., Jr. 1979. The relationship of dietary 
cholesterol to serum cholesterol concentration and to 
atherosclerosis in man. Amer- J. Clin. Nutr. 32:2664-
2702. 
Miettinen, T. A., E. H. Ahrens, Jr., and S. M. Grundy. 1965. 
Quantitative isolation and gas-liquid chromatographic 
analysis of total dietary and fecal neutral steroids. 
J. Lipid Res. 6:411-424. 
Reiser, R., M. F. Sorrels, and M. C. Williams. 1959. 
Influence of high levels of dietary fats and cholesterol 
on atherosclerosis and lipid distribution in swine. 
Circ. Res. 7:833-846. 
Richard, M. J., D. C. Serbus, D. C. Beitz, and N. L. 
Jacobson. 1982. Effect of type and amount of dietary 
fat on concentration of cholesterol in blood plasma 
and tissues of rabbits. Nutr. Res. 2:175-183. 
Richard, M. J., A. D. Julius, and K. D. Wiggers. 1983. 
Effects of dietary protein and fat on cholesterol 
deposition and body composition of pigs. Nutr. Rep. 
Int. 28:973-981. 
Riley, V. 1960. Adaptation of orbital bleeding technic to 
rapid serial blood series. Proc. Soc. Exp. Biol. Med. 
104:751-754. 
Rodbard, S., C. Bolene, and L. N. Katz. 1951. Hyper­
cholesterolemia and atheromatosis in chicks on a 
restricted diet containing cholesterol. Circulation 
4:43-46. 
216 
Sacks, F. M., J. L. Breslow, P. G. Wood, and E. H. Kass. 
1983. Lack of an effect of dairy protein (casein) and 
soy protein on plasma cholesterol of strict vegetarians. 
An experiment and a critical review. An experiment and 
a critical review. J. Lipid Res. 24:1012-1020. 
Spritz, N., and M, A. Mishkel. 1969. Effects of dietary 
fats on plasma lipids and lipoproteins; an hypothesis 
for the lipid-lowering effect of unsaturated fatty 
acids. J. Clin. Invest. 48:78-86. 
Subbiah, M. T. R., and R. G. Siekert, Jr. 1979. Dietary 
restriction and the development of atherosclerosis. 
Br. J. Nutr. 41:1-7. 
Sugano, M. 1983. Hypocholesterolemic effect of plant 
protein in relation to animal protein: mechanism of 
action. Pages 51-84 M. J. Gibney and D. Kritchevsky, 
eds. Animal and Vegetable Proteins in Lipid 
Metabolism and Atherosclerosis. Alan R. Liss, Inc., 
New York, NY. 
Technicon. 1965. Technicon Auto-Analyzer Methodology 
N-24a. Total cholesterol in serum. Technicon 
Instruments Corp., Chauncey, NY. 
Terpstra, A. H. M., F. J. Sanchez-Muniz, C. E. West, and 
C. J. H. Woodward. 1982. The density profile and 
cholesterol concentration of serum lipoproteins in 
domestic and laboratory animals. Comp. Biochem. 
Physiol. 71B:569-673. 
Terpstra, A. H. M., R. J. J. Hermus, and C. E. West. 1983. 
The role of dietary protein in cholesterol metabolism. 
Wld. Rev. Nutr. Diet. 42:1-55. 
Thomas, J. N., M. J. Kelly, and J. A. Story. 1984. 
Alteration of regression of cholesterol accumulation in 
rats by dietary pectin. Br. J. Nutr. (in press). 
Walsh, L. S., K. D. Wiggers, M. J. Richard, and N. L. 
Jacobson. 1983. Effect of soy versus beef diets on 
blood and tissue cholesterol and body composition of 
growing swine. Nutr. Res. 3:557-569. 
217 
Wiggers, K. D., M. Richard, J. W. Stewart, N. L. 
Jacobson, and P. J. Berger. 1977. Type and amount 
dietary fat affect relative concentrations of 
cholesterol in blood and other tissues of rats. 
Atherosclerosis 27:27-34. 
218 
SECTION III. EFFECTS OF BEEF, SOY, AND CONVENTIONAL 
DIETS ON PRODUCTION OF CO2, GLYCEROL, 
AND FATTY ACIDS IN SEVERAL TISSUES OF 
YOUNG RESTRICTED- OR LIBERALLY-FED PIGS 
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ABSTRACT 
Two feeding trials were conducted to examine the 
effects of restricted (approximately 65% of ad libitum 
intake for 8 weeks) and liberal (approximately 90% of ad 
libitum intake for 7 weeks) feeding of beef-based, soy-
based, and conventional swine diets (7 pigs/diet in each 
trial) on production of CO2, glycerol, and fatty acids 
from glucose by using tissue slice incubations of liver, 
ileal mucosa, and subcutaneous and perirenal adipose 
tissue. Beef and soy diets contained 40 to 50% of calories 
from fat; conventional diets contained only 8 to 9% of 
calories from fat. Production rates for CO2, glycerol, 
and fatty acids in the liver were low and not affected by 
diet in the liberal-feeding trial. Restricted soy-fed 
pigs, however, had greater CO2 and glycerol production in 
the liver than did restricted beef- or conventionally-fed 
pigs; the explanation for this dietary effect is not 
apparent. Fatty acid synthesis also was low in the ileal 
mucosa of all animals, but CO2 and glycerol production was 
greater than in the liver. Diet did not affect rates of 
production of CO2, glycerol, or fatty acids in the ileal 
mucosa. Subcutaneous and perirenal adipose tissues had 
much greater rates of fatty acid synthesis, demonstrating 
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that the adipose tissue is the principal lipogenic tissue 
in the pig. In both trials, soy- and beef-fed pigs had 
much lower rates of CO2, glycerol, and fatty acid production 
than did conventionally-fed pigs, probably because of the 
greater fat content of the beef and soy diets. Conven­
tionally-fed pigs, however, deposited less total fat in 
the body, suggesting that deposition of ingested fat when 
pigs were fed high-fat diets offset the difference in 
lipogenesis. Restricted soy-fed pigs deposited more fat 
and had somewhat greater rates of lipogenesis in the 
adipose tissue than did restricted beef-fed pigs. With 
liberal feeding, however, fat deposition and lipogenesis 
did not differ between beef- and soy-fed pigs. Thus, 
saturated and polyunsaturated fat equally inhibited lipo­
genic capacity upon liberal feeding, but saturated fat 
suppressed lipogenesis to a greater extent than did poly­
unsaturated fat when intake was restricted. 
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INTRODUCTION 
Lipid metabolism and adipose tissue development have 
been studied extensively in pigs, largely because of the 
importance of these factors in commercial pork production. 
In addition, pigs have served as a model for the study of 
human obesity in many experiments because of the many 
physiological similarities between humans and pigs and 
because of the propensity of pigs to synthesize and 
deposit large amounts of fat (Houpt et al., 1979). 
A major goal of current swine research is the develop­
ment of methods, nutritional and otherwise, that might 
reduce fat deposition. Such research is of interest, also, 
in the study of human obesity. Consequently, many studies 
have examined the effects of dietary factors, including 
especially dietary fat and protein, on lipogenesis and 
other parameters of lipid metabolism in young, growing 
pigs. Increasing the amount of dietary fat decreased 
lipogenic rates in several studies with pigs (O'Hea et al., 
1970; Allee et al., 1971a, 1971b, 1971c; Wolfe et al., 
1977), rats (Masoro et al., 1950; Hill et al., 1958; 
Leveille, 1967a, 1967b) and chicks (Yeh et al., 1970). 
Replacing dietary carbohydrate with protein also depresses 
fatty acid synthesis in the lipogenic tissues of the pig 
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(O'Hea et al., 1970; Allée et al., 1971c) rat (Masoro et al., 
1950; Cohen and Teitelbaum, 1966; Leveille, 1967a), and 
chick (Nishida et al., 1960; Yeh and Leveille, 1969), 
although probably by way of a different mechanism than that 
for dietary fat (Romsos and Leveille, 1975). 
The effect of type of dietary fat on lipogenesis is 
more ambiguous (Herzberg, 1983). Some authors have 
suggested that dietary polyunsaturated fatty acids are more 
effective suppressors of lipogenesis than are saturated 
fatty acids (Flick et al., 1977; Jeffcoat et al., 1979; 
Schwartz and Abraham, 1982). Studies with rats and pigs, 
however, have shown as great a or greater suppression of 
lipogenesis in the adipose tissue with saturated fat in 
the diet as with polyunsaturated fat (Allee et al., 1972; 
Waterman et al., 1975; Loriette and Lapous, 1976; Awad, 
1981). Richard et al. (1983) reported that young pigs fed 
semisynthetic liquid diets that contained soybean oil had 
a greater percentage of fat in the body than did pigs fed 
similar diets that contained beef tallow, which suggests 
that type of dietary fat affected lipogenic rates. Walsh 
et al. (1983) found that pigs fed a soy-based diet that 
contained soybean oil and soy protein isolate deposited 
more body fat than did pigs fed a beef-based diet that 
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contained ground beef. The specific effects of type of 
dietary protein on lipogenesis have not been examined. 
This study was designed to determine if differences in 
lipogenic rates were responsible for the differences in fat 
deposition previously observed between beef- and soy-fed 
pigs (Walsh et al., 1983). The isocaloric, isonitrogenous 
diets fed during this study included conventional, low-fat, 
corn-soy diets; beef-based diets in which ground beef 
provided the majority of the dietary protein and fat; and 
soy-based diets that contained soy protein isolate and 
soybean oil as the major sources of dietary protein and 
fat, respectively. The beef and soy diets were similar 
to U.S. human diets in terms of the contributions of fat 
(40 to 50%), protein (20%), and carbohydrates (30 to 40%) 
to total caloric intake. The study included two separate 
trials to examine the differential effects of the three 
experimental diets at two rates of feed intake 
(approximately 65% and 90% of ad libitum intake) on de 
novo production of CO2, glycerol, and fatty acids in liver, 
ileal mucosa, and subcutaneous and perirenal adipose 
tissues of young pigs. 
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MATERIALS AND METHODS 
Animals and Diets 
Twenty-one pigs were used in each of two separate 
feeding trials, as described in Section I. In both trials, 
pigs were fed beef-based, soy-based, or conventional swine 
diets (7 pigs/diet). Pigs in the first trial were fed at 
approximately 65% of ad libitum intake (restricted intake) 
for 61±3 (mean ± standard deviation) days. In the second 
trial, pigs received approximately 90% of ad libitum intake 
(liberal intake) for 51±3 days. Formulation, feeding, and 
analyses of diets were described in Section I. 
Tissue Collection 
After being fed the diets for at least 8 weeks in the 
first trial and 7 weeks in the second trial, pigs were 
stunned by electric shock and then killed by exsanguination 
4 to 8 hours after the morning feeding. Immediately after 
death, incisions were made along the midline, approximately 
over the first thoracic vertebra, and samples of sub­
cutaneous adipose tissue were removed and placed in a 0.15 M 
NaCl solution containing .02 M phosphate buffer (pH 7.4) at 
37°C. Pigs were eviscerated and samples of liver, perirenal 
adipose tissue and ileum (approximately 12 inches proximal 
to the cecum) were removed within 15 minutes after death. 
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Liver samples were maintained at 0°C and ileum and sub­
cutaneous and perirenal adipose tissue samples at 37°C in 
0.15 M NaCl containing 0.02 M phosphate buffer (pH 7.4) 
until sectioned for incubation within 30 minutes after 
death. Samples of ileum were split longitudinally, washed 
with buffered 0.15 M NaCl, and blotted dry. Samples of 
mucosal cells were obtained by scraping the interior 
surface of the ileum with a microscope slice. 
Tissue Incubation 
Triplicate slices of liver and adipose tissues and 
scrapings of ileal mucosa (each weighing 100 to 200 mg) 
were incubated for 2 hours at 37°C with constant shaking 
under an atmosphere of 95% O2 and 5% CO2. Each tissue 
sample was incubated in 3 ml Krebs-Ringer bicarbonate buffer 
(Ca^^ free, pH 7.4; Laser, 1961) containing 0.3 lU porcine 
insulin (Sigma Chemical Co., St. Louis, MO), 0.1% bovine 
serum albumin (Sigma Chemical Co., St. Louis, MO), 5 mM 
D-glucose, and approximately 1 yCi D-[U-* "^C] glucose (New 
England Nuclear, Boston, MA). Incubations were stopped by 
adding 0.5 ml of 1.5 N H2SO4. Samples incubated for zero 
time served as controls. 
Oxidation of glucose to CO2 was assayed by injection 
of 0.1 ml of 30% NaOH onto filter paper inside a well 
226 
hanging within each incubation flask (Pothoven and Beitz, 
1973). Filter papers were transferred to scintillation 
TM 
vials, to which 10 ml of Beckman Ready-Solv scintillation 
cocktail (Beckman Instruments Inc., Fullerton, CA) were 
added. Radioactivity was determined by liquid scintillation 
counting (Model LS-8000 liquid scintillation spectropho­
tometer, Beckman Instruments Inc., Fullerton, CA). Quenching 
was corrected by the external standard method. 
Lipid Extraction and Analyses 
Incubation media and tissues were transferred to 
screw-cap extraction tubes, and chloroform and methanol 
were added so that chloroform, methanol, and water were 
present in a ratio of 1 to 2 to 0.8 (v;v:v) (Bligh and Dyer, 
1959). The mixture was homogenized with a Polytron 
homogenizer (Brinkman Instruments, Westbury, NY). The 
homogenizer shaft was rinsed with 5 ml of chloroform, 
which was collected in the extraction tube. Each sample was 
washed with one 5-ml and three 10-ml aliquots of deionized 
H2O, with removal of the upper aqueous layer after each 
addition (Folch et al., 1957). The remaining chloroform 
layer containing the tissue lipids was evaporated to dryness. 
Lipids were resuspended in 10 ml of chloroform and then 
were transesterified with 1.25 M sodium methoxide and 
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subsequently neutralized with 10% methanolic HCl. The 
transesterification step produces fatty acid methyl esters 
and free glycerol and cholesterol from triglycerides and 
cholesterol esters, respectively. Glycerol was separated 
by the addition of 10 ml of deionized H2O, followed by 
removal of the upper, aqueous, glycerol-containing layer to 
a scintillation vial. 
The remaining lipid-containing layer was evaporated 
to dryness, resuspended in 6 ml of 3% NaOH in 95% ethanol 
(w:v), and then refluxed at 90°C for 3 hours. Non-
saponifiable lipids were extracted with three 5-ml aliquots 
of hexanes. The aqueous phase was acidified with 1 ml 
of 12 N HCl, and the saponifiable lipids, which are 
primarily fatty acids, were separated by extraction with 
three separate 5-ml aliquots of hexanes. All glycerol-
and fatty acid-containing extracts were evaporated to 
dryness and then resuspended in 10 ml of Beckman Ready-
Solv™ scintillation cocktail for determination of radio­
activity by liquid scintillation counting. 
Determination of Adipose Tissue Cellularity 
Triplicate samples of subcutaneous and perirenal 
adipose tissue (100-200 mg wet weight) were fixed with 4% 
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osmium tetroxide in 50 mM collidine chloride. Fixed 
adipose tissue was treated with an 8 M urea solution to 
solubilize connective tissue (Etherton et al., 1977). 
Adipocytes were freed by washing with 0.15 M NaCl containing 
0.01% Triton X-100 through a 250 ym nylon mesh filter and 
were collected on a 20 ym nylon mesh filter. Number of 
adipocytes per g of tissue was determined as described 
by Whitehurst et al. (1981) using a Coulter counter (Model 
ZB, Coulter Electronics, Hialeah, FL). 
Statistical Analyses 
Data were analyzed statistically as described in 
Section I. 
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RESULTS 
In vitro rates of conversion of glucose to CO2, fatty 
acids, and glycerol were used to assess effects of diet 
on metabolic activity and, specifically, lipogenesis in 
liver, ileal mucosa, and adipose tissue of young growing 
pigs. Radioactivity in the nonsaponifiable lipid fraction, 
which largely consists of cholesterol, was very low and 
often not significantly greater than background radio­
activity. Hence, rates of production of nonsaponifiable 
lipids from glucose are not presented in this report. 
Rates of production of C O 2 ,  fatty acids, and glycerol 
in the liver are shown in Table 1. Production rates for 
the whole liver were determined from production rates per 
g liver and liver weights (reported in Section II, Tables 
3 and 4). Rates of glucose oxidation to CO2 and glucose 
conversion to glycerol, both per g liver and per whole 
liver, were significantly greater in restricted soy-fed 
pigs than in restricted conventionally-fed pigs. Restricted 
beef-fed pigs had intermediate rates of CO2 and glycerol 
production that were significantly less than soy-fed pigs 
on a whole-organ basis; glycerol production rates also 
were significantly less per g liver in beef-fed 
pigs than in soy-fed pigs. Oxidation rates were not 
Table 1. Effect of diet on production of CO2, fatty acids, and glycerol in livers 
of young pigs^ 
Production of : 
Fatty Fatty 
Diet CO 2 Glycerol acids CO2 Glycerol acids 
nmoles glucose converted ymoles glucose converted 
hr X g liver hr x whole liver 
Restricted intake 
Conv? 21.9^ ±3.3 4.6^+0.7 1.6^±0.3 8.47^±1.56 2.05^ ± .58 .70^+.24 
Soy 33.1^ ± 4 . 6  9.6^±1.3 1.6^±0.5 15.65^+2.49 4.90^ ±1.05 .73^±.18 
Beef 25.5^^+4.9 6.5^+1.3 1.8^+0.8 10.09^±1.54 3.13^ ± .91 .64^+.19 
Liberal intake 
Conv 16.3^ ±1.2 9.4^+1.5 2.7^+0.7 13.64^+1.16 7.82^^+1.39 2.32^+.72 
Soy 20.4^ ±3.4 9.1^±1.0 1.6^±1.0 1 9 . 3 8 ^ 1 3 . 5 8  8.72* ±1.25 1.25*±.79 
Beef 18.3* ±1.9 8.4*±1.2 2.5*±1.3 14.79*±1.91 6.78^ ±1.03 1.73*±.77 
^Values are means ± SEM for 7 pigs. 
^Conv = conventional. 
*'^Means in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
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significantly affected by diet in liberally-fed animals, 
although the same trend was seen as in restricted-fed pigs. 
Glycerol production per g liver did not differ between 
diets in liberally-fed pigs. Soy-fed pigs receiving liberal 
intake, however, had greater rates of glycerol production 
in the whole liver than did beef-fed pigs. Rates of fatty 
acid synthesis in the liver were low under both feeding 
regimens, and did not differ between dietary groups. 
Rates of conversion of glucose to CO2, glycerol, and 
fatty acids in the ileal mucosa were not significantly 
influenced by diet in either feeding trial (Table 2), but, 
in both trials, conventionally-fed pigs tended to have 
greater production rates for all three products than did 
soy-fed pigs, and soy-fed pigs tended to have greater rates 
than did beef-fed pigs. Fatty acid synthesis was quite low 
in the ileal mucosa as well as the liver (Table 1), but 
production of CO2 and glycerol per g of ileal mucosa was 
several-fold greater than per g of liver. 
In both adipose tissue sites and in both feeding trials, 
pigs fed the low-fat conventional diet had significantly 
greater rates of CO2, glycerol, and fatty acid production 
than did soy-fed or beef-fed pigs. The only exception was 
glycerol production in perirenal fat of restricted-fed 
Table 2. Effect of diet on production of 00%, fatty acids, and glycerol in ileal 
mucosa of young pigs^ 
Production ofi 
Diet CO: Glycerol Fatty acids 
Restricted intake 
Conv' 
Soy 
Beef 
Liberal intake 
Conv 
Soy 
Beef 
-nmoles glucose converted/(hr x g tissue) 
191.1174.3 
149.6+37.6 
116.4+28.5 
215.3+64.4 
157.6+44.7 
141.9+21.9 
25.6±8.5 
24.6±7.2 
21.4±4.5 
34.9+4.0 
26.3+8.3 
22.5±2.7 
3.3+2.2 
2.6+1.6 
1.7+0.9 
5.6±2.1 
4.1+1.4 
3.4+1.0 
^Values are means + SEM for 7 pigs. No significant (P<.05) diet effects were 
found. 
^Conv = conventional. 
Table 3. Effect of diet on production of COg, fatty acids, and glycerol in 
subcutaneous adipose tissue of young pigs 
Production of: 
Diet CO: Glycerol Fatty acids 
Restricted intake 
Conv^ 
Soy 
Beef 
Liberal intake 
Conv 
Soy 
Beef 
•nmoles glucose converted/(hr x lO^cells) 
139 .6^ + 30.7^ 
50.7^123.0** 
33.8"± 4.3' 
307.3*±60.9 
63.1+17.5 
84.7"±19.7 
52.0^± 8.6: 
18.9"± 9.2 
18.8"± 1.8' 
69.3"±15.5 
12.7"± 3.4 
24.8 ± 6.0 
346.0^+ 79.13 
97.2^+ 49.8" 
47.3^+ 17.0" 
899.3+164.7 
129.0 ± 38.6 
139.2 + 44.7 
^Values are means + SEM for 7 pigs, unless indicated otherwise. 
^Conv = conventional. 
^n = 5. 
** n = 6 . 
^''^Means in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
Table 4, Effect of diet on production of CO2, fatty acids, and glycerol in 
perirenal adipose tissue of young pigs^ 
Production of: 
Diet CO 2 Glycerol Fatty acids 
Restricted intake 
Conv^ 
Soy 
Beef 
Liberal intake 
Conv 
Soy 
Beef 
-nmoles glucose converted/(hr x 10® cells) 
71.2^+17.0^ 
24.3^± 9.8: 
19.2^+ 5.9" 
251.1 ±22.7 
48.3"+13.1 
34.3 ± 6.5 
26.4*± 5.8= 
10.7^± 4.3: 
13.1^+ 3.8" 
50.6 ±10.0 
10.6"± 4.5 
10.8 ± 1.4 
133.4^1 47.23 
20.3^± 8.4: 
11.7^± 5.0" 
808.0 ±146.2 
87.1 ± 23.0 
67.6''+ 19.2 
^Values are means + SEM for 7 pigs, unless indicated otherwise. 
^Conv = conventional. 
= 6. 
't r, -n = 4. 
^'^Means in the same column within a given dietary regimen bearing different 
superscripts differ (P<.05). 
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pigs (Table 4), which did not differ significantly 
between dietary groups perhaps because there 
were fewer animals per group. We were not able to include 
data for metabolic activity of adipose tissue for all pigs 
in the restricted feeding trial because pigs were still 
quite small and very lean at slaughter, and we could not 
collect adequate samples of adipose tissue from the 
carcasses of some pigs for incubations plus adipose tissue 
cellularity determination. 
The subcutaneous adipose tissue had somewhat greater 
rates of CO2, glycerol, and fatty acid production than did 
the perirenal adipose tissue, especially in restricted-fed 
animals. Rates of CO2 and glycerol production were similar 
in the adipose tissues (Tables 3 and 4) and the ileal 
mucosa (Table 2), but fatty acid synthesis was much greater 
in the adipose tissue samples (Tables 3 and 4). Pro­
duction rates of CO2 and fatty acids tended to be greater 
in liberally-fed pigs than in restricted-fed pigs. 
Carbon dioxide, glycerol, and fatty acid production 
rates in the total subcutaneous and perirenal adipose tissue 
in the body (Table 5) were calculated from total fat content 
of the body (reported in Section II, Tables 3 and 4) and 
factors presented by Walstra (1980) for the percentage of 
Table 5. Effect of diet on production of COg, fatty acids, and glycerol in total 
subcutaneous and perirenal adipose tissue of young pigs^ 
Production of; 
Diet CO: Glycerol Fatty acids 
Restricted intake 
Conv^ 
Soy 
Beef 
Liberal intake 
Conv 
Soy 
Beef 
3 1 6 . 8 *  ±111.5 
214.9^b+ 95.2 
119.8 ± 66.6 
2829.5" +415.7 
943.5 ±362.7 
1247.3" +225,9 
-mmoles glucose converted/hr-
146.9 ±67.1 
74.3^^+36.8 
60.3^ ±28.93 
616.0 ±85.6 
157.3" ±40.8 
351.4 ±49.9 
8 8 0 . 5  ± 368.4 
404.2 ± 198.1 
181.0^± 134.73 
8350.6 ±1143.4 
1940.4 ± 788.6 
2413.6"+ 697.1 
^Values are means ± SEM for 7 pigs, unless indicated otherwise. 
^Conv = conventional. 
^n = 6. 
^'^'^Means in the same column within a given dietary regimen bearing different 
superscripts differ (]?<.05). 
237 
total body fat found in the subcutaneous and perirenal 
depots of pigs of similar weight to those used in this 
study. From the data of Walstra (1980), we estimated that 
a castrated pig weighing 18 kg (average slaughter weight 
of pigs in the first trial; reported in Section I, Table 
3) would contain 56.0% of the total body fat in the sub­
cutaneous adipose tissue and 4.0% in the perirenal adipose 
tissue, and a castrated pig weighing 38 kg (average 
slaughter weight of pigs in the second trial; Section I, 
Table 3) would contain 59.5% of the total body fat in the 
subcutaneous adipose tissue and 4.3% in the perirenal adipose 
tissue. 
In the first feeding trial, bodies of soy-fed pigs 
contained a significantly greater percentage of fat than 
did beef- or conventionally-fed pigs, as reported in 
Section I, Table 6, and in Section II, Table 3. In the 
second trial, both soy- and beef-fed pigs had a greater 
percentage of fat in the body than did conventionally-
fed pigs (Section I, Table 6, and Section II, Table 4). 
In spite of the lesser fat content of the bodies of 
conventionally-fed pigs, these animals still had greater 
production of CO2, glycerol, and fatty acids in the total 
subcutaneous and perirenal adipose tissue than did soy-
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or beef-fed pigs in both feeding trials (Table 5). 
Restricted soy-fed pigs tended to have greater rates of 
CO2, glycerol, and fatty acid synthesis in the total 
adipose tissue than did restricted beef-fed pigs, although 
the differences were not statistically significant because 
of large standard errors. In the second trial, CO2 and 
fatty acid production in the total adipose tissue did not 
differ between soy- and beef-fed pigs, but glycerol 
production was significantly greater in beef-fed pigs than 
in soy-fed pigs. 
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DISCUSSION 
Many studies have used the tissue slice incubation 
technique to measure lipogenic and cholesterogenic rates 
in tissues of pigs and other species. Tritiated water 
currently is considered by many researchers to be the most 
accurate radiolabeled tracer for quantifying cholestero-
genesis and lipogenesis (Feingold et al., 1983); however, 
the use of ^HaO has inherent dangers because of the large 
amount of radioactivity needed and the difficulty of 
containing ^HaO vapor losses. Consequently, we chose to 
use D-[U-^^C]glucose as the radioactive tracer in these 
experiments because it is the predominant physiological 
substrate presented to lipogenic tissues (O'Hea and 
Leveille, 1969) and much smaller amounts of radioactivity 
are required for the incubation technique than when 
is used. 
In the experiment by Walsh et al. (1983), as well as 
the restricted feeding trial in this study, pigs fed soy-
based diets tended to grow at a slower rate and deposit 
more body fat than did pigs fed beef-based diets (Section 
I, Tables 3 and 6). The data discussed in Section I 
suggest that differences in nutrient partitioning caused 
by diet may be involved in differences in growth and body 
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composition. In addition, an interaction exists between 
diet and dietary intake because, when pigs were fed more 
liberal intakes, beef- and soy-fed pigs deposited similar 
amounts of fat. In both trials in this study, conven­
tionally-fed pigs were smaller and leaner than their beef-
and soy-fed littermates (Section I, Tables 3 and 6). 
I believe that the data presented in the present study 
provide an explanation for some of the differences in 
body composition observed between dietary groups in this 
study. 
Several experiments, including the present study, have 
found low rates of conversion of glucose to fatty acids 
in liver samples of pigs (Table 1; O'Hea and Leveille, 
1969; Huang and Kummerow, 1976; Wolfe et al., 1977). 
Results of this study and of those conducted by O'Hea and 
Leveille (1969) and Huang and Kummerow (1976) indicate 
that pig liver also has a limited capacity to convert 
glucose to CO2, glycerol, and cholesterol. O'Hea and 
Leveille (1969), Huang and Kummerow (1976), and Wolfe 
and colleagues (1977) reported that the activities of a 
number of enzymes involved in fatty acid and cholesterol 
synthesis, including several responsible for production of 
NADPH and of cytosolic acetyl CoA, were quite low in pig 
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liver, and were much lower than enzyme activities in pig 
adipose tissue. Thus, an inadequate supply of reducing 
equivalents and(or) substrate would allow only low rates 
of fatty acid synthesis in pig liver. O'Hea and Leveille 
(1969) and Huang and Kummerow (1976), in fact, have found 
much greater rates of CO2, glycerol, fatty acid, and 
cholesterol production in pig liver slices when acetate 
was the radiolabeled precursor rather than glucose. The 
physiological significance of acetate as a substrate for 
lipogenesis in pigs is questionable, however (Favarger, 1965). 
Fatty acid synthetic rates in the liver did not differ 
between dietary groups in either feeding trial. Diet, 
however, did affect CO2 and glycerol production in the 
liver. Restricted soy-fed pigs had significantly greater 
rates of glucose oxidation to CO2 and conversion to 
glycerol than did their beef- and conventionally-fed 
counterparts; an explanation for these differences is not 
apparent. Soy-fed pigs had larger livers at death than 
did beef- or conventionally-fed pigs (Section II, Table 3), 
but percent fat in the liver was similar between soy- and 
beef-fed pigs. Plasma triglyceride and cholesterol concen­
trations also did not differ significantly between beef- and 
soy-fed pigs in the restricted feeding tria] (Section I, 
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Table 7). Thus, the greater rate of glycerol synthesis and 
CO2 production in livers of restricted soy-fed pigs was not 
related to greater lipid synthesis or deposition in the liver 
or to greater lipoprotein secretion from the liver. In 
addition, when more liberal intakes of the diets were 
allowed, beef-, soy-, and conventionally-fed pigs had 
similar rates of CO2 and glycerol production in the liver 
(Table 1). Differences between dietary groups in rates 
of production of CO2 and glycerol in the whole liver are 
related to differences in liver size. In both trials, soy-
fed pigs had greater liver weights (Section II, Tables 3 
and 4) and similar or greater rates of CO2 and glycerol 
production in the liver (Table 1) than did beef- or 
conventionally-fed pigs, and consequently had greater rates 
of CO2 and glycerol production on a whole organ basis. 
Fatty acid synthesis from glucose was minimal in the 
intestinal mucosa, as in the liver, of pigs, and was not 
affected by dietary treatment (Table 2). Romsos et al. 
(1971) found that the small intestine contributed only 1 to 
2% of in vivo incorporation of ^^C-acetate into fatty acids 
in the body of pigs, and contributed only about 4% to 
cholesterol synthesis from acetate. They concluded that 
the intestine played a minor role in whole body lipogenesis 
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and choiesterogenesis in the pig, in contrast to other 
species, including the human, where the intestine is 
especially important in cholesterol synthesis (Dietschy 
and Wilson, 1970). Huang and Kummerow (1976) also reported 
low rates of fatty acid and cholesterol synthesis from 
glucose in pig intestine. They found that the enzymes 
acetyl CoA carboxylase, fatty acid synthetase, and ATP 
citrate lyase (citrate cleavage enzyme) had relatively 
low activity in pig intestine, especially when compared 
with pig adipose tissue. Rate of production of CO2 from 
glucose was greater in the intestine (Table 2) than in 
the liver (Table 1) of pigs in both the present study and 
the study by Huang and Kummerow (1976). Rate of 
glycerol production per g tissue also was somewhat greater in 
pig intestine than in pig liver in both studies. 
As noted in Table 2, neither diet nor dietary intake 
significantly affected production of CO2, glycerol, or 
fatty acids in pig intestinal mucosa. Wilson et al. (1983) 
found that feeding a high-fat diet to rats, when compared 
with a high-sucrose diet, increased glucose incorporation 
into triglycerides (presumably into glycerol) but not into 
fatty acids in isolated intestinal cells. The authors 
concluded that regulation of lipid metabolism in the small 
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intestine differs from that in liver and adipose tissue, 
and they speculated that the differences may be related 
to the unique role of the intestine in lipid transport. 
Although the conclusions of Wilson et al. (1983) are 
reasonable based on their data, the diets used in our 
study did not differentially affect CO2, glycerol, or 
fatty acid production, perhaps because the metabolic 
demands on the intestinal cells did not greatly differ 
between the dietary groups. 
The results of our study corroborate those of 
other researchers (O'Hea and Leveille, 1969; Huang and 
Kummerow, 1976) concerning the principal site of lipo-
genesis in the pig. In both subcutaneous (Table 3) and 
perirenal (Table 4) adipose tissues, rates of fatty acid 
synthesis were many times greater than were synthetic rates 
in the liver (Table 1) or intestinal mucosa (Table 2). 
Rates of CO2 and glycerol production from glucose were 
similar in adipose tissue and ileal mucosa in the present 
study, and were in the range of values reported by O'Hea 
and Leveille (1969) and Huang and Kummerow (1976) for these 
two tissues. Other studies have reported low rates of 
cholesterol synthesis from glucose in pig adipose tissue 
(O'Hea and Leveille, 1968; Huang and Kummerow, 1976). 
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When CO2, glycerol, and fatty acid production in the liver 
and adipose tissue was expressed on a whole-organ basis 
(i.e. whole liver [Table 1] versus total subcutaneous and 
perirenal adipose tissue [Table 5]), the adipose tissue 
was found to contribute much greater amounts of CO2, 
glycerol, and, especially, fatty acids to whole body 
production than did the liver. O'Hea and Leveille (1969) 
reported that, when glucose was used as the radioactive 
substrate, the adipose tissue of pigs contributed more 
than 99% of the newly synthesized fatty acids; our data 
further confirm their conclusion that the adipose tissue 
plays a major and nearly exclusive role in fatty acid 
synthesis in the pig. 
In several of their experiments, O'Hea and Leveille 
(1968, 1969) found that lipogenic rates and activities of 
lipogenic enzymes varied between different adipose tissue 
sites of the pig; consequently, we chose to examine both 
subcutaneous and perirenal adipose tissue in our study. 
Rates of CO2, glycerol, and fatty acid production varied 
somewhat between the two adipose tissue sites (Tables 3 and 
4), with the subcutaneous adipose tissue having 
slightly greater rates of CO2, glycerol, and fatty acid 
production than did the perirenal adipose tissue. The 
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effects of diet and dietary intake on production rates did 
not differ between adipose tissue sites, however. In both 
tissues, the high-fat beef and soy diets suppressed fatty 
acid, glycerol, and CO2 production when compared with the 
low-fat conventional diet, and restricted intake of all 
diets suppressed production rates when compared with liberal 
intake. The lower production rates accompanying the 
restricted dietary intake, when compared with the more 
liberal intake, probably was the result of decreased 
substrate availability. 
Many experiments with several species have demonstrated 
that dietary fat inhibits lipogenesis in both liver and 
adipose tissue (Herzberg, 1983). Wilson et al. (1983) 
found that a high fat diet depressed the conversion of 
acetate to fatty acids in rat intestinal cells, as well. 
An effect of dietary fat on lipogenic rates in liver and 
intestine of pigs was not seen in this study because of the 
extremely low rates of fatty acid synthesis in these two 
tissues in pigs. The greater fat content of the beef and 
soy diets fed in the present study, however, probably was 
responsible for the significantly lower rates of fatty 
acid, glycerol, and CO2 production in beef- and soy-fed 
pigs than in conventionally-fed pigs in both feeding trials. 
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A number of researchers have reported that fatty acid, CO2» 
and glycerol production in adipose tissue of pigs was 
decreased when dietary fat content was increased (O'Hea 
et al., 1970; Allee et al., 1971a, 1971b, 1971c; Wolfe 
et al., 1977). The same authors also reported that the 
activities of several lipogenic enzymes, including glucose-
6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 
NADP-malate dehydrogenase (malic enzyme), ATP-citrate lyase 
(citrate cleavage enzyme), and fatty acid synthetase, were 
decreased in adipose tissue and(or) liver when pigs were 
fed diets containing greater amounts of fat. 
The exact mechanism through which dietary fat inhibits 
lipogenesis in unclear, but the observed inhibition has 
been shown to be a specific effect of dietary 
fat and not merely a result of the reduction in carbohydrate 
intake that usually accompanies fat inclusion in the diet 
(Triscari et al., 1978). Several researchers have 
hypothesized that free fatty acids and(or) long chain 
acyl CoA derivatives may be the specific regulators of 
lipogenesis (Romsos and Leveille, 1975; Topping and Mayes, 
1982). In both feeding trials in the present study, plasma 
free fatty acid concentrations were greater in soy- and 
beef-fed pigs than in conventionally-fed pigs (Section I, 
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Table 7) and may have been involved in the suppression of 
lipogenesis in soy- and beef-fed animals. Increased 
dietary protein also decreases lipogenesis in pigs (O'Hea 
et al., 1970; Allee et al., 1971c) and other species (Masoro 
et al., 1950; Nishida et al., 1960; Cohen and Teitelbaum, 
1966; Leveille, 1967a; Yeh and Leveille, 1969), probably 
by way of a mechanism distinct from that of dietary fat 
(Romsos and Leveille, 1975). In the present study, total 
protein intake was equal for beef-, soy-, and 
conventionally-fed pigs, and soy products provided the 
majority of the protein in both the conventional and soy 
diets. Thus, the suppression of lipogenic rates of beef-
and soy-fed pigs when compared with conventionally-fed pigs 
was not the result of differences in total protein intake 
or type of dietary protein. 
Many studies have demonstrated that type of dietary 
fat influences lipogenic rates, but the effect of poly­
unsaturated versus saturated fatty acids on fatty acid 
synthesis seems to vary between tissues and species, per­
haps because of differences between species in relative 
contributions of various tissues to whole body lipogenesis. 
Studies with rats (Flick et al., 1977; Triscari et al., 
1978) and mice (Schwartz and Abraham, 1982) demonstrated 
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that polyunsaturated fatty acids, including especially 
linoleic acid and other fatty acids with double bonds at 
decreased fatty acid synthetase activity in the liver 
when compared with saturated fatty acids. Lipogenesis in 
adipose tissue, on the other hand, has been shown to be 
suppressed to at least as great a degree by dietary 
saturated fat as by polyunsaturated fat in rats (Waterman 
et al., 1975; Loriette and Lapous, 1976; Awad, 1981) and 
pigs (Allee et al., 1972; Waterman et al., 1975). Jeffcoat 
and coworkers (1979) examined the effects of dietary 
corn oil versus beef tallow on lipogenesis and fat deposition 
in rats. They concluded that concentrations of lipogenic 
enzymes in the liver are ultimately controlled by poly­
unsaturated fatty acids, although the enzymes are inhibited 
somewhat by saturated fat. Lipogenesis in the adipose 
tissue, on the other hand, seems to be controlled by 
inhibition of lipogenic enzymes by saturated fat to a 
greater extent than by control of lipogenic enzyme content 
by polyunsaturated fat. Thus, in a species such as the 
pig where the adipose tissue is responsible for the majority 
of fatty acid synthesis, dietary saturated fat would 
decrease lipogenesis and, presumably, fat deposition to 
a greater extent than would dietary polyunsaturated fat. 
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In species where the liver accounts for most of the fatty 
acid synthesis, including the chicken and, perhaps, the 
human, dietary polyunsaturated fat would cause a greater 
suppression of lipogenesis and fat deposition. If the 
human, however, does synthesize a significant amount of 
fatty acids in the adipose tissue, as proposed by Angel and 
Bray (1979), the effect of type of dietary fat on fat 
synthesis and deposition in the entire body would be less 
clear-cut. 
In the present study, soy-fed pigs receiving a 
restricted intake tended to have greater rates of fatty 
acid synthesis in the subcutaneous and perirenal adipose 
tissues than did restricted beef-fed pigs, although the 
differences were not statistically significant (Tables 3 
and 4). In the total subcutaneous and perirenal adipose 
tissue, conversion of glucose to fatty acids was more than 
twice as great in restricted soy-fed pigs than in restricted 
beef-fed pigs (Table 5)- The difference was not 
statistically significant because of the large standard 
errors. The greater rates of lipogenesis in the total 
adipose tissue of restricted soy-fed pigs were, in part, 
a result of greater adipose tissue mass in these animals. 
The greater adipose tissue mass of the restricted soy-fed 
pigs, in turn, may have been at least partially the result 
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of greater fatty acid synthetic rates (Tables 3 and 4). 
Restricted soy-fed pigs also tended to have greater rates 
of conversion of glucose to CO2 and, to a lesser extent, 
glycerol in the total adipose tissue than did beef-fed 
pigs (Table 5). Greater rates of fatty acid synthesis would 
require greater rates of glucose oxidation to CO2 to provide 
adequate ATP and NADPH and greater rates of glycerol 
synthesis for triglyceride production. 
In contrast to restricted-fed pigs, pigs fed more 
liberal intakes of beef and soy diets did not differ in 
fat deposition (Section I, Table 6) or rates of CO2, 
glycerol, or fatty acid production in subcutaneous or 
perirenal adipose tissue (Tables 3 and 4). In the total 
subcutaneous and perirenal adipose tissue, beef-fed pigs 
fed liberal intakes tended to have greater CO2 and fatty 
acid production and had significantly greater glycerol 
synthesis than did soy-fed pigs. These differences are 
related to somewhat greater body weights (Section I, Table 
3) and, hence, greater adipose tissue mass in beef-fed 
pigs- These data suggest that dietary intake has an 
interactive effect with type of dietary fat on lipogenesis 
and fat deposition. Other factors such as differences in 
genetic background, age, and weight between pigs in the two 
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feeding trials also may have contributed to the differential 
effects of beef- and soy-based diets on lipogenesis at 
restricted versus liberal intakes. 
In summary, conventionally-fed pigs had similar or 
less fat deposition, despite greater lipogenic rates, than 
did beef- or soy-fed pigs in both trials. Thus, the 
increased deposition of ingested fatty acids when pigs 
were fed high-fat diets more than compensated for the 
decrease in fatty acid synthesis. Fat deposition in beef-
and soy-fed pigs, which consumed equal amounts of fat, 
seemed to be reflected by lipogenic rates in the adipose 
tissue. The effect of type of dietary fat on lipogenesis 
was moderated by dietary intake, with the beef diet 
suppressing fatty acid synthesis to a greater extent than 
the soy diet in restricted, but not liberally-fed pigs. 
The difference in fat deposition between beef- and soy-
fed pigs in the restricted-feeding trial and, presumably, 
in the study by Walsh et al. (1983) seemed to be at least 
partially a result of differences in lipogenic rates. 
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SUMMARY AND CONCLUSIONS 
The present study was designed to examine, in young 
growing pigs, the effects of three distinct diets on several 
of the major processes involved in cholesterol and tri­
glyceride metabolism in the body. The isocaloric, 
isonitrogenous diets used in this study included conventional 
corn-soybean meal diets, beef-based diets in which ground 
beef provided the majority of the dietary protein and fat, 
and soy-based diets that contained soy protein isolate and 
soybean oil as the major sources of dietary protein and fat, 
respectively. The beef and soy diets contained 40 to 50% 
of calories from fat (similar to human diets in the U.S.) 
and 0.09% cholesterol; the conventional contained 8 to 9% 
of calories from fat and no cholesterol. The study in­
cluded two separate feeding trials. In the first trial, 
diets were fed at approximately 65% of ad libitum intake 
for 8 to 9 weeks; in the second trial, diets were fed for 
approximately 7 weeks at about 90% of ad libitum intake. 
In both trials, beef-fed pigs had greater rates of 
gain than did conventionally-fed pigs, and soy-fed pigs 
had intermediate rates of gain. Restricted soy-fed pigs 
had a greater percentage of fat in the body than did 
restricted beef- or conventionally-fed pigs. When fed more 
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liberal amounts of the diets, however, both beef- and 
soy-fed pigs had greater fat percentages in the body than 
did conventionally-fed pigs. In both trials, pigs had the 
greatest apparent absorption of dietary fat and gross energy 
from the soy diet and the least absorption of fat and gross 
energy from the conventional diet. Thus, differences in 
nutrient absorption may have accounted for some of the 
differences between dietary treatments in growth and body 
composition, but nutrient partitioning between tissues also 
seemed to be involved. 
Rates of lipogenesis in the adipose tissue (determined 
by using tissue slice incubations) were much greater in 
conventionally-fed pigs than in beef- or soy-fed pigs, 
demonstrating that dietary fat suppresses endogenous 
fatty acid synthesis. Soy-fed pigs had greater lipogenesis 
in the adipose tissue and greater body fat deposition 
than did beef-fed pigs in the first trial; these items did 
not differ between beef- and soy-fed pigs in the second 
trial. These results suggest that dietary saturated fat 
has a greater inhibitory effect on adipose tissue lipo­
genesis than did polyunsaturated fat under restricted, but 
not liberal, feeding conditions. 
Plasma concentrations of free fatty acids, tri-
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glycerides, and cholesterol were greater in beef- and soy-
fed pigs than in conventionally-fed pigs in both trials. 
With liberal feeding, beef-fed pigs had greater plasma 
cholesterol concentrations than did soy-fed pigs. Pigs 
fed the soy diet, however, had greater concentrations of 
cholesterol in the whole body than did pigs fed the beef or 
conventional diets in both trials. Tissue cholesterol 
concentrations were two- to three-fold greater in soy-fed 
pigs than in conventionally- or beef-fed pigs in the first 
trial; smaller differences were found in the second trial. 
Fecal neutral steroid and bile acid excretion did not differ 
between restricted-fed dietary groups but were twice as 
great in soy-fed pigs as in beef- or conventionally-fed 
pigs given liberal amounts of feed. Thus, the beef diet, 
but not the soy diet, suppressed endogenous cholestero-
genesis so that cholesterol deposition and excretion were 
similar to those of conventionally-fed pigs. 
The results of the present study suggest that some 
constituent(s) of the beef diet is a much stronger 
inhibitor of cholesterogenesis than is any component of 
the soy diet. With restricted feed intake, the beef diet 
also is more effective in suppressing lipogenesis than is 
the soy diet. The component(s) of the beef diet 
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responsible for the inhibition of cholesterol and fatty 
acid synthesis was not pinpointed in the present study; 
however, based on these results and reports in the 
literature, degree of dietary fat saturation seems to be of 
major importance. Effects of beef, soy, and conventional 
diets on cholesterogenesis and lipogenesis seem to be 
central to their influence on the overall balance of 
cholesterol and triglycerides in the body. 
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So Long, My Frn.end 
So long my ficiend, now^ 
I guess it's time to move along. 
We 've had owe good timesj 
lou know we've played a lot of songs. 
've had our ups and downs 
With every single thing we've done. 
We've been discouraged. 
But still we've had a lot of fun. 
And now we'll always 
Remember all the times we 've hadj 
Through all the tears 
And all the times of being glad. 
So just be happy. 
That's all that matters any way. 
And keep on trying. 
You'll get just what you want someday. 
'Cause, wherever you go. 
With every single thing you do 
Throughout your lifetime 
We'll always be a part of you. 
So long, so long, my friend, 
don't you know we love you. 
Don't you know we need our friends. 
W e l l ,  I  k n o w  t h a t  y o u  h a v e  t o  b e  g o i n g .  
So 
So long, my friend—Good-bye! 
by S. G. Crane, Baby 
